A  treatise  on 
electromagn... 

phenomena, 
and  on  the 
compass ... 


Timothy  Augustine 
Lyons 


J?ai1)aili  Collfflf  iLibrarg 


FROM  THB  BKqjJBST  OF 

FKATSrCIS  B.  HAYES 

(OlMC  Qf  1839)  * 
Thit  fund  it  $10,000  and  its  income  it  to  b«  utad 

For  the  purchase  of  books  for  the  Library" 

Mr.  Hay*(  di«d  in  1884 


TRANSFERRED 

TO 

HARVARD  COLLEGE 
LIBRARY 


Digitizeu  Lj  oOOgle 


o 

A  TREATISE 

I 

ON 

ELECTROMAGNETIC  PHENOMENA 

AND  ON  THE 

COMPASS  AND  ITS  DEVIATIONS 
ABOARD  SHIP. 

MATHEMATICAL,  THEORETICAL,  AND  PRACTICAL. 

BY 

Commander  T.  A,  LYONS, 
Vol.  I. 

FIRST  EDITION. 
FIRST  THOUSAND. 

NEW  YORK: 
JOHN  WILEY  &  SONS. 
London  :  CHAPMAN  &  HALL»  Limited. 

1901. 


.  k)  i^cd  by  Google 


O  I 


< 

v> 


lr<4  4sH  If '.Ai  J 

n^mAH*  »t«r<Allf 


CorvRtctfT,  tfoi, 
T.  A.  LYONS. 


MWBirr  i»MiincoHD» 

U  L.  VOAni.  SKaKAntB.  NKW  VOKK. 


Digitized  by  Google 


A  TRIBUTB 

TO 

THIRTY  YBARS'  COMPANIONSHIP 
CHARACTBRIZBD  BY 
UNIFORM  GBNTLBNBSS  AND  AFFECTION, 
STRICT  TRUTH  AND  PRINCtPLB, 
AND  SOUND  JUDGMENT. 


SUBJECT-MAITER  OF  THE  PARTS.* 


FAR!'  FIRST:  ELKC  I  ROMAGNE'riC  PHENOMENA. 

PART  SECOND:    IHE  COMPASS. 

PART  THIRD:  THE  SHIP  A  MAGNET. 

PART  FOURTH  :  THE  MATHEMATICAL  THEORY  OF  THE 
DEVIATIONS. 

PART  FIFrH:  SWINGING  SHIP  AND  COMPENSATION  OF 
THE  DEVIATIONS. 

PARI'   SIXTH:    VARIOUS  MATIERS  BEARING  ON  THE 
MAIN  SUBJECT. 

*  Part  First  occupies  this  volume  ;  the  five  other  Parts  will  be  in  a  aeoood  roU 

umc  of  similar  size. 

A  list  of  the  works  studied,  read,  ur  cwisjuUcU  for  writing  this  Treatise  will  be 
given  after  Part  Sixth. 

V 


Digitized  by  Google 


SYNOPSIS  OF  PART  FIRST. 


PACK 


Chapter  I :  A  Medium  necessary  to  the  production  of  Mag- 
netic Phenomena,  i 

*'  II :  Various  Movements  of  the  Ether  of  Space  consti- 
tute Radiant  Energy,  12 

III :  Wave-motion  and  its  Phenomena,  .....  34 

it  TV  ;  The  T^«>stinrtive  Featurt^  of  VVavp-mntion  rharar- 

tcri/.e  all  Phases  of  Radiant  I^nerg\-,  .     .     .  .62 

V :  Facts  that  link  the  various  forms  of  Radiant  En- 
ergy one  to  another — a  Chain  of  Motion,    .  .126 

"  Vl :  A  (General  View  of  Electrical  and  Magnetical  Phe- 
nomena,  151 

**    VII:  'I'he  Magnetic  Elements  of  the  I'^rth  192 

"  VIII  :  Instruments  and  Methods  used  for  determining 

tlu-  Magiu-tic  Elements,  240 

**  IX:  Sun-spots;  Auroras;  Electric  ]  )is(:haT^'cs  in  Hi«;h 
Vacua  ;  Magnetic  Storms ;  and  IVlluric  Cur- 
rents,  318 

X:  The  Magnetic  Condition  in  Bodies  of  Restricted 
Size ;  Field  around  them  ;  Laws  of  action  ;  Ef- 
fect of  Heat  on  Magnetism,  374 

**      XI :  Theories  of  Magnetism — Molecular  and  Terrestrial  4-;3 

**    XII:  The  Electromagnetic  Theory  of  Eight  500 

vi 


INTRODUCTION. 


At  the  present  time,  Physicists  speak  of  the  ether  of  space 
and  deal  with  Us  properties  and  movements  with  as  much 
confidence  in  its  reality  as  in  the  air  we  breathe;  but  outside 
of  the  circle  of  investigators  into  natural  phenomena  and 
those  familiar  with  their  results  through  reading*  there  is  a 
large  number  to  whom  such  matters  wear  a  hazy  aspect  that 
IS  further  mystified  and  often  rendered  unattractive  by  the 
very  technical  language  of  their  .treatment.  Such  language 
is  the  necessary  and  proper  medium  between  scientific  men* 
but  for  the  layman  to  understand  it  requires  a  search  through 
dreary  pages  of  literature  to  the  origin  of  its  terms:  this  is 
disheartening,  and  deters  many — even  those  to  whom  such 
information  is  necessary  for  matters  with  which  they  deal — 
from  a  knowledg^e  of  the  generalizations  of  natural  phenom- 
<?na  toward  wliich  the  investigations  of  the  present  day  are 
tending. 

Part  First  of  this  Treatise  is  written  with  those  in  view 
Avho  may  use  the  five  succeeding  Parts — that  is  to  say,  to 

convey  to  tliciu  micIi  infoi  inainjii  regarding  the  principal 
phenomena  of  magnetism  in  such  manner  as  will  afford 
an  intelligent  grasp  of  the  subject.  To  this  end,  it  is  neces- 
sary to  go  beyond  the  restricted  limits  of  magnetism  itself* 
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and  show  how  it  Is  related  to  heat,  light,  electricity,  and 
chemical  action — ^all  presumably  due  to  ether-waves. 

Not  that  every  electromai^nctic  manifestation  is  explicable 
by  wave-motion  only,  any  more  tlian  that  one  movement 
alone  of  air  and  water  produces  the  divers  results  experienced 

■ 

in  them.  Air  and  water  are  at  times  perfectly  calm  and 
placid,  but  they  still  produce  pressure,  and  so  there  is  a 
quiescent  electric  charge  upon  a  body,  and  an  equally  im- 
mobile magnetic  condition  in  a  steel  bar,  but  around  both 
the  ether  is  in  a  stressed  state:  air  and  water  sweep  along  as 
a  \  iuleiit  s^ale  and  turbid  stream,  and  so  in  the  ether  there  is 
something  akin  to  this  right-line  movement  in  the  electric 
current;  air  and  water  circle  round  and  round  as  the  cyclone 
and  whirlpool,  and  so  in  the  ether  we  find  a  rotary  motion 
called  magnetic:  lastly,  in  air  and  water  there  are  waves — 
a  periodic  rise  and  fall — as  indicated  by  the  l)ar()nieter  within 
the  Tropics  and  tide-gauges  in  any  harbor;  and  so  whenever 
a  magnet  moves,  there  is  a  motion  of  the  surrounding  ether 
which  becomes  periodic — a  veritable  wave,  if  the  motion  of 
the  magnet  be  rhythmic. 

Now  many  motions  of  two  of  the  related  magnets  treated 
in  this  work — the  Compass  and  the  Ship — are  rhythmic, 
while  the  Earth,  which  influences  both,  is  swept  by  periodic 
stirgings  known  as  the  daily,  monthly,  yearly,  and  secular 
maxima  and  minima  of  the  magnetic  elements — ^fluctuations 
as  regular  as  the  tides  of  air  and  ocean. 

The  varying  commotion  of  cilier-waves  arising  from  these 
three  sources — Compass,  Ship,  and  Earth — constitutes  the 
electromagnetic  phenomenon  of  most  importance  to  the 
enquiry  of  this  Treatise;  but  as  it  cannot  be  taken  for  granted 
that  the  ether  and  the  waves  in  it  exist,  evidence  is  adduced 
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at  the  outset  to  establish  both  facts;  and  hence  because  of  its 
importance  as  a  physical  feature  in  producing  the  effects  to 

be  investigated,  as  well  as  an  analytical  process  known  as 
Fourier's  Theorem  that  forms  the  basis  of  the  mathematical 
theory  of  the  deviations*  this  wave-motion  is  treated  with 
some  detail. 

Waves  are  liable  to  certain  changes  by  reflection,  refrac- 
tion, polarization,  absorption,  and  interference — and  these  are 
all  briefly  explained  and  illustrated.  Some  of  these  changes 
take  place  in  air  and  water,  and  as  they  thus  present  the 
matter  more  clearly  to  the  mind,  they  are  dealt  with  in  the 
beginning;  then  a  step  is  made  into  the  ether  of  space,  where 
all  the  attrib\ites  of  wave-motion  are  found:  one — interfer- 
ence— ^is  a  peculiarity  of  wave-motion  alone,  and  character- 
izes not  only  waves  of  visible  fluids,  but  also  the  movements 
of  the  ether,  and  hence  these  movements  are  inferred  to  be 
waves. 

As  occasion  arises  throughout  the  book,  the  relationship 
of  the  several  phenomena  due  to  ether-waves  is  pointed  out. 
The  Compass,  the  Ship,  and  the  Earth  are  but  mrii^niets  of 
different  size,  whose  mutual  relations  as  the  first  guides  the 
second  over  the  waters  of  the  third,  forms  the  subject-matter 
of  this  Treatise. 

When  several  magnets  are  brought  within  each  other's 
influence,  they  create  a  complex  mag^netic  field;  and  if  sus- 
pended by  silken  threads  attached  to  their  centers  of  gravity, 
they  will  exhibit  a  diversity  of  movement — repulsion,  at- 
traction, and  oscillation  of  varied  degree.  They  are  quick — 
nervous — ^slow— or  sluggish — according  to  their  size  and  the 
motion  given  any  one  of  them. 

And  this  is  the  condition  of  the  Compass  as  the  magnetic 
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poles  of  the  Ship  swing  round  and  about  it  in  her  rolling, 
pitching,  onward  movement — a  condition  that  is  aggravated 
by  the  changing  intensity  of  the  Ship*s  magnetism  itself, 

through  shock  of  waves,  and  the  ever-varying  fields  of  ter- 
restrial magnetism  through  which  she  passes.  The  Compass 
is  never  at  rest,  and  points  anywhere  except  to  the  magnetic 
north. 

But,  erring  and  errant,  we  must  still  use  it  to  guide  us  in 

fog  aiul  throu.^li  >iuriii,  in  ilic  <larkness  of  night  and  over 
the  waste  of  waters  that  has  no  landmark;  only,  we  must 
know  its  deviations  accurately  and  the  means  of.  reducing 
them  to  manageable  limits. 

In  the  compass-needle  the  poles  are  symmetrically  situ- 
ated with  regard  to  a  central  cross-section,  so  that  an  equa- 
tion is  easily  formed  to  delineate  its  field — the  surrounding 
lines  of  force:  but  in  the  Ship  and  the  Earth — the  two  mag- 
nets that  aflFect  the  Compass — ^there  is  nothing  regular;  the 
lines  of  force  for  each  are  sinuous.  \vari)ed,  and  wavy  to  a 
degree  that  might  tax  the  skill  of  any  mathematician  to  ex- 
press them  analytically. 

Such  distorted  environment  might  seem  to  entangle  the 
effects  on  tlic  C"om|)ass;  yet  there  are  none  of  its  errors  that 
cannot  be  accurately  determined. 

Its  deviations,  the  result  of  a  surrounding  magnetic  field, 
— however  made  up. — ^belong  to  a  class  of  phenomena  that 
pervade  all  nature— /^(v/of/Zr  motion. 

This  is  analytically  expressed  bv  Fourier's  Theorem 
which  is  explained  in  Part  Sixth,  and  the  adaptation  of  its 
general  terms  to  the  special  case  of  the  deviations  is  given 
in  Part  Fourth.  Even  each  component  of  the  complex  field 
is  investigated — in  the  case  of  the  Ship,  the  magnetic  survey 
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described  in  Part  Third  fully  shows  the  magn^ietic  character 

of  every  vessel;  and  in  the  case  of  the  Kai  ih,  its  uKii^netic  ele- 
ments as  indicated  by  lines  of  Intensity,  Dip,  and  Variation 
are  completely  determined  by  Gauss'  theory  explained  in 
Part  First. 

These  examinations  of  Ship  and  Earth  in  connection  with 
that  of  a  steel  magnet  (a  compass-needle)  described  in  Part 
First,  bring  strikingly  into  view  the  fact  already  stated,  tliat 
the  CompasSy  the  Ship,  and  the  Earth  are  three  magnets  dif- 
fering only  in  size:  in  each  there  are  the  two  -foci  of  intensity, 
one  near  eacli  extremity,  and  a  neutral  zone  between. 

This  identiiy  of  kind  is  most  important  to  understand 
Mrell,  for  it  is  the  key  to  all  their  mutual  relations. 

The  scope  of  usefulness  of  the  Compass  covers  the  Earth, 
and  from  this  Ilarth  comes  its  directive  power — that  magnet- 
ism which  vitalizes  an  inert  bar  of  steel,  and  makes  of  it  a 
sensitive,  moving  body — quick  to  declare  its  affinities  and  an- 
tipathies. 

The  Compass,  then,  is  not  an  isolated  entity,  but  wherever 
it  wanders  it  tinds  kindred  of  some  degree:  with  the  Ship  it 
is  always  in  close  touch,  while  at  the  same  time  it  feels  the 
ever-varying  throbs  of  universal  magnetism.  Considering 
the  immense  commerce  carried  in  iron  ships  and  the  armed 
force  of  nations  that  patrols  the  sea  in  fleets  of  steel,  it  'is 
hardly  exalting  it  too  much,  to  say  that  the  little  instrument 
that  guides  them  is  well  worthy  of  every  effort  for  its  im- 
provement and  intelligent  use. 

The  chief  endeavor  to  explain  magnetism  has  been  in  the 
direction  of  establishing  it  anioni;  tlie  forms  of  energy  that, 
tinder  varying  circumstances,  becomes  manifest  as  heat,  light, 
electricity,  and  chemical  action;  and  in  doing  this,  advantage 
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has  sometimes  been  taken  of  such  analogous  phenomena  as 
occur  in  the  solid,  Uquid»  and  gaseous  states  of  matter,  but 
only  for  illustration,  and  not  at  all  because  magnetism  is  con- 
sidered material  in  its  nature. 

Though  invisible,  magnetism  is  a  real  force,  capable  of 
doing  work  of  different  kinds,  just  as  a  man  or  a  horse  does: 
it  can  move  a  light  load  or  a  heavy  one — ^pull  so  many  pounds 
with  a  definite  velocity  in  a  j^iven  direction.  It  is  merely  one 
phase  of  the  many  transformations  of  energy  that  we  daily 
see,  whose  antecedent  is  always  a  push  or  a  pull,  whether 
mechanical  or  molecular.  Consider  the  chain  of  motion  that 
lead.s  up  to  the  traction  of  a  street-car  by  electricity;  vibra- 
tion in  the  molecules  of  coal  and  oxygen  whose  chemical 
combination  gives  rise  to  heat  in  a  boiler;  oscillation  of  the 
piston  of  a  steam-engine  as  a  result  of  the  heat;  rotation  of 
the  armature  of  a  dynamo  in  consequence  of  the  piston's 
motion;  the  tlow  of  a  current  in  a  wire  and  a  niai^netic  wave 
in  the  surrounding  medium  caused  by  the  dynamo's  rotation; 
and  finally,  as  the  net  result  of  all,  the  visible  speeding  of  a 
heavy  mass  along  a  track!  "  No  pullee,  no  pushee,  go  like 
hell  alia  same!**  as  the  Chinaman  said  in  San  Francisco, 
when  lie  saw  a  cable-car  for  the  first  time.  He  was  mistaken: 
there  were  both  pulls  and  i)U.^hes  all  along  the  line,  ond 
equally  there  are  pulls  and  pushes  in  the  series  of  actions  that 
transforms  the  violent  rush  of  atoms  into  the  useful  rate  of 
speed  of  an  electric  car. 

The  idea  of  mechanical  tension  is  that  of  a  stretched 
rope — a  weight  hanging  at  one  end,  the  other  fastened  to  a 
beam;  or,  a  rubber  band  pulled  apart  by  the  hands.  If  a 
weight  be  attached  to  each  end  of  the  band  (placed  on  a 
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table),  and  the  hands  release  their  hold»  the  contractile  force 
of  the  material  will  draw  the  weights  toward  each  other. 

So.  with  the  ether  of  space:  it  is  a  medium  connecting 
matter  just  like  the  rope  or  the  rubber  band;  it  is  thrown 
into  electromagnetic  stress  by  every  turn  of  the  dynamo  or 
other  magnetic  machine,  and  the  alternate  tension  and  relief 
therefrom  will  move  a  weight  just  as  the  rubber  band  does. 
Son:etimes  there  is  only  a  statical  l^alancing"  of  forces,  as 
when  a  compass-needle  rests  in  equilibrium  at  a  certain  angle 
— the  deviation — between  the  magnetic  stress  of  terrestrial 
magnetism  and  that  of  an  iron  ship;  and  again  it  is  a  dynamic 
action,  as  when  a  small  horizontal  needle  is  oscillated  in  site 
of  the  compass  to  determine  the  magnetic  force.  In  both  the 
static  and  dynamic  cases  the  tension  of  delicate  rubber 
threads  might  replace  the  magnetic  tension  and  produce  the 
same  visible  eflPects.  In  essence  the  mechanical  and 'the  mag- 
netical  tension  are  the  same — each  can  move  a  certain 
weight  through  a  definite  distance  or  form  a  balance  between 
opposing  forces;  and  all  this  is  susceptible  of  accurate  meas- 
urement  and  expression  in  any  units  we  please;  the  devia- 
tion becomes  specific  in  angular  measure  and  the  horizontal 
force  in  dynes. 

The  rope  will  bear  only  a  certain  tension,  beyond  which 
it  breaks:  the  rubber  has  a  limit  of  elasticity,  and.  similarly, 
a  load  may  be  put  upon  magncuc  stress  tliat  it  cannot  move. 
Thus  magnetic  phenomena,  like  the  visible  material  work  of 
life,  comes  naturally  within  the  domain  of  mathematics. 

The  foregoing  comparisons  are  made  to  render  intelli- 
gible the  application  of  symbolic  formulie  to  the  principles 
of  a  plienoinenon  that  at  best  has  but  a  hazy  form  in  our  mind 
— ^not  a  definite  image  that  one  can  see  and  feel — but  an 
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intangible  sometbuig  that  still  has  much  of  the  mystery  that 
the  word  magnetism  itsdi  suggests. 

It  is  a  subject  not  readily  grasped,  and  therefore  I  have 

tried  to  bridge  those  gaps  tliat  often  occur  between  •formulae 
in  works  of  this  kind,  so  that  easy  transition  from  equation 
to  equation  may  leave  the  mind  free  for  the  main  subject 
without  wearisome  stoppages  to  clear  the  way  of  mathe- 
matical briars  or  undergrowth. 

The  Treatise  is  divided  into  Six  Parts,  which  are  sub- 
divided into  Chapters,  these  again  into  Sections,  and  the 
latter  into  numbered  Articles  with  head-lines  indicative  of 
their  import.  In  each  Part  is  grouped  matter  illustrative  of 
one  phase  of  the  subject;  in  each  ChajHcr  a  prominent  feature 
is  described;  in  the  Sections  the  lineaments  of  this  are  traced; 
and  in  the  numbered  Articles  the  details  are  followed  out: 
thus,  every  topic  has  the  advantage  of  individual  presenta- 
tion. 

The  Articles  are  numbered  consecutively  from  beginning 
to  end  of  the  Treatise;  the  Sections  begin  a  new  series  of 
numbers  with  each  Chapter;  and  the  Chapters  a  new  series 
with  each  Part.  The  Formulae  of  each  Chapter  have  serial 
numbers  of  I  heir  own,  so  that  the  number  of  the  formula  and 
that  of  the  Article  in  which  it  occurs  are  necessary  for  definite 
reference:  thus,  (14) — 122,  refers  to  formula  No.  (14)  in  Art. 
No.  122. 

In  Part  Sixth  will  !>e  found  a  Table  of  Symbols  that  have 
the  same  signification  throughout  the  work. 

In  some  instances  it  has  been  found  expedient  to  use  the 
English- American  system  of  ^veights  atid  measures,  and  in 

others  the  French:  while  recognizing  the  incongruity  of  this 
procedure,  it  was  deemed  best  to  adopt  it  on  account  of  the 
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famiharily  of  those  who  may  use  the  book  with  the  first 
rather  than  with  the  second  system,  avoiding  ambiguity  in 
every  case  by  stating  the  system  in  which  the  measurements 
are  expressed. 

A  complete  list  of  the  works  consulted,  read,  or  studied 
in  preparation  for  this  book  is  printed  at  the  end,  or  after 
Part  Sixth.  I  have  especially  to  acknowledge  the  courteous 
permission  of  Messrs.  D.  Appleton  &  Co.  and  The  Macmil- 
Ian  Company  (of  this  city)  to  use  some  extracts  and  figures 
from  their  publications. 

In  the  body  of  the  work  very  few  references  are  made  to 
investigators  whose  labors  afford  the  sum  of  rehable  informa- 
tion  that  exists  on  the  subjects  treated:  their  writings  are  not 
always  accessible  to  the  majority  of  those  for  whom  this 
Treatise  is  written,  and  hence  not  likely  to  be  consulted  by 
them;  while  those  who  might  liave  recourse  to  original 
sources  can  readily  judge  of  the  verity  or  accuracy  of  the 
matter  in  the  garb  I  have  given  it:  therefore,  for  the  former 
references  were  an  encumbrance,  and  for  the  latter  a  super- 
fluity. I  have  endeavored,  however,  to  faithfully  present  the 
subject  in  accord  with  the  generally  accepted  views  upon  it. 

Throughout  the  subject  run  certain  principles  of  mechan- 
ics and  magnetism;  they  are  the  structural  timbers  which 
may  be  fashioned  variously:  instruments  are  constantly  im- 
proving, observers  assert  their  individuality  in  the  manner 
of  using  them,  and  even  methods  of  analytical  treatment  are 
not  free  from  change — but  the  principles  themselves  are  im- 
mutable, and  these  it  has  been  my  endeavor  to  make  clear. 
Once  understood,  any  variation  of  treatment  by  analysis  or 
instruments  becomes  a  matter  of  easy  acquisition. 

New  York,  March  25,  1901. 
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PART  FIRST. 


CHAPTER  I. 

A  MEDIUM  NECESSARY  'I'O  THE  PRODUCTION  OF 
MAGNETIC  PHENOMENA. 

Section  One :  The  Earth's  Atmosphere. 

1.  The  air  a  material  substance. — The  Earth  is  envel- 
oped in  a  mass  of  air  whose  reality  is  proven  hy  many  facts. 
It  is  a  mobile  l)0(ly  vvliose  regular  ebb  and  How  within  the 
Tropics  is  indicated  by  the  daily  oscillations  of  the  barome- 
ter; and  whose  swaying  back  and  forth  toward  either  Pole 
is  shown  by  the  system  of  Trade  Winds  following  the  Sun 
in  its  course  from  solstice  to  solstice.  As  the  gentle  breeze, 
it  cools  the  summer  heat,  and  in  the  hurricane  it  rends  and 
destroys.  The  robin's  trill,  equally  with  the  locomotive's 
shrill  shriek,  carve  it  into  waves  that  fall  upon  the  ear.  The 
fleet  wings  of  birds  as  well  as  the  heavy  sails  of  ships  are 
spread  to  it  for  passage  to  distant  chmes. 

We  can  compress  the  air  and  tluis  transnuUe  our  energy 
into  its  ])o\ver  to  do  work:  we  can  rarify  it  to  any  degree, 
or  exhaust  it  altogether  from  a  closed  vessel.  A  given  vol- 
ume of  it  can  be  accurately  weighed;  and  its  composition 
has  been  well  determined — ^a  mechanical  mixture  of  certain 
gases.  The  height  to  which  it  extends  in  space  is  practically 
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known.  It  has  been  liquefied,  thereby  affording  ocular  and 
tangible  proof  of  its  materiality. 

Thus,  many  facts  establish  the  existence  of  the  air  as  a 
material  substance,  although  {as  a  gas)  we  can  neither  see 
nor  feel  it  as  we  do  solid  substances. 

2.  Air  the  medium  of  wmnd.^Waves  of  air  fall  upon 
the  ear,  throw  the  auditory  nerve  into  vibration,  and  this 
reaching  the  brain  causes  the  sensation  of  sound.  The 
origin  of  the  sound  may  be  the  chirp  of  a  cricket  or  fhe  ex- 
plosion of  a  bomb,  but  the  series  of  condensations  and  rare- 
factions into  which  bulh  cricket  and  l)()nih  niouhl  the  air, 
w  ill  reach  every  ear  within  the  limits  of  iheir  cticrgy  and  pro- 
duce their  distinctive  etYecis.  And  the  air  is  In  perpetual 
motion  from  countless  sources  of  sound:  the  hum  and  rum- 
ble of  a  city;  the  multitudinous  noises  of  Nature  in  field  and 
forest;  the  crashing  of  the  storm;  and  the  din  and  jar  of 
machinery  employed  in  the  affairs  of  life.  But  deprive  the 
Earth  of  its  atmosphere,  and  all  sound  would  cease,  although 
ears  were  present  to  hear  and  the  activity  of  life  should  con- 
tinue unabated:  what  causes  the  change?  The  medium  to 
transmit  the  motion  from  the  source  to  the  ear  is  wanting! 

To  cite  an  instance  that  has  often  been  tried:  an  alarm 
clock  is  placed  under  a  trlass  receiver,  and  suspended  by  a 
silken  fibre  so  as  to  isolaic  it  by  the  slenderest  means  from 
surroundin^i"  solid  matter;  when  the  clock  begins  to  ring, 
the  air-pump  is  worked;  p:ra<lually  ihe  rhiging  becomes 
fainter,  until,  when  the  receiver  is  entirely  exhausted,  no 
sound  at  all  is  heard,  although  the  mechanism  is  still  seen  to 
be  in  movement.  On  slowly  re-admitting  air,  the  tinkle  of 
the  bell  returns,  waxes  stronger  with  more  air.  and  attains 
its  loudest  note  when  the  receiver  is  filled  as  at  first, 

3.  Phenomena  that  occur  in  space  yoid  of  air« — ^Al- 
though we  could  not  hear  in  a  vacuum,  still,  if  life  were  possi- 
ble without  air,  we  could  continue  to  see;  experience  various 
degrees  of  warmth  or  cold;  produce  certain  chemical  reac- 
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tions;  use  electricity  in  diverse  ways;  and  attract  or  repel 
one  magnet  with  another — ^all  as  well  in  vacuo  as  in  air  at 
normal  pressure. 

Experiment  has  established  the  following  facts:  that  the 
more  perfect  the  vacuum,  the  better  will  one  electrified  body 
induce  a  similar  state  in  another  body;  and  the  more  freely 
will  one  magnet  respond  to  the  movement  of  another;  that 
an  electrified  j;lass  rod  will  attract  a  pith-hall  as  well  in  vacuo 
as  in  air:  that  a  \acuum  facilitates  j)hotography — a  chem- 
ical j)r()cess;  and  iliai  the  enclosed  s|)ace  of  a  room  is  thrown 
into  such  condition  l)v  an  alternator,  that  a  small  Hass  hulb 
exhausted  ot  air,  lights  up  of  itself  in  the  room  without  lead- 
ing wires  to  any  source  of  electricity,  and  that  the  greater  the 
rate  of  alternation,  the  more  nearly  is  the  glow  in  the  bulb 
to  that  much-sought  achievement — flight  without  a  filament 
— ^the  brilliance  of  the  magnetic  waves  alone  in  vacuo. 

The  dark  thermal  rays  from  a  source  of  heat  have  been 
projected  into  a  glass  vessel  void  of  air  and  concentrated 
there  by  a  lens  upon  a  piece  of  charcoal  raising  it  to  white 
heat  in  the  vacuum;  more  than  this,  air  at  a  freezing  tempera- 
ture might  be  admitted  to  the  vessel,  and  a  piece  of  platinum 
could  be  ail  but  fused  l)y  tlie  obscure  rays  of  heat  brou.L^lit 
to  a  focus  upon  it.  The  air  acted  no  necessary  part  in  any 
of  these  experiments,  wiiiie  in  some  it  was  an  actual 
impediment. 

Section  Two:  Magnetic  Action  In  Partfcnlar. 

4*  Magnetic  action  in  space  roid  of  air.— Connect  two 
thin  metal  discs  D  Fig.  i,  by  a  brass  rod  R  and  place  on 
the  floor  a  hoop  H  covered  by  a  tense  membrane  strewn  with 
fine,  dry  sand;  then  hold  the  rod  vertically  a  foot  or  so  above 
the  membrane,  and  stroke  it  with  a  resinous  rubber;  in- 
stantly, the  sand  will  jump  into  fantastic  figures — the  visible 
vibrations  of  the  rod  conveyed  to  the  membrane  by  the  lower 
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shivering  disc  and  the  air  in  the  space  <^ ;  so,  a  bar  of  wrought 
iron  waved  near  an  incandescent  lamp  causes  it  to  fade,  and 
a  vacuum  tube  brought  near  an  alternator  lightens  into  a 
glow.  In  both  cases  the  effects  of  magnetic  waves  become 
visible  in  space  void  of  air:  can  it  be  conceived  that  abso- 
lutely empty  space  was  made  to  glow  in  the  one,  or  that  it 
was  the  brightness  of  entire  void  that  was  dimmed  in  the 
other? 

Again,  l  ig.  2  rci)reseiUs  a  glass  receiver  in  connection 
with  an  air-pump;  M  is  a  delicately  pivoted  magnet,  C  a  cop- 


FiG.  I.  Fig.  a. 


per  disc  poised  on  a  pivot  and  siiscc})iiblc  of  rapid  rotary 
motion  by  any  mechanical  cotitrivance,  and  (/"  is  a  plate  of 
glass  interposed  as  a  screen  between  the  magnet  and  disc. 
Exhaust  the  air  from  the  receiver  and  spin  the  disc:  soon  the 
magnet  will  move  too,  and  ere  long  it  will  follow  the  disc 
in  its  whirling;  yet,  quite  a  space  void  of  air  separated  them. 
Not  only  this,  but  substitute  thick  slabs  of  wood,  stone  or 
ivory  for  the  glass  between  the  magnet  and  copper  disc,  and 
the  rotation  of  the  latter  will  still  carry  the  magnet  round. 
And  if  the  magnet  were  first  spun  by  mechanism,  it  would 
impart  corresponding  rotation  to  the  copi)er  disc:  the  action 
is  redorocal. 
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Consider  the  space  between  the  poles  of  a  powerful  elec- 
tro-magnet: stop  the  current,  and  the  air  offers  no  impedi 
ment  to  a  hand-saw — ^it  may  be  thrust  across  the  line  joining 
the  poles— the  air  may  be  "  sawed  " — ^with  the  utmost  ease; 
but  start  the  current,  and  instantly  a  viscous  medium  seems 
to  be  evoked  which  requires  great  effort  to  saw  throiii^h. 

And  this  resistance  and  its  absence  may  be  alternated  as 
often  as  we  start  or  stop  the  current. 

Clearly,  the  air  was  not  a  factor  in  the  condition,  and 
equally  clearl\'  some  otlirr  nu-HinTii  was^ 

5.  Magnetic  action  through  solids  and  over  distances. 
— In  the  Smithsonian  Institution,  Prof.  Henry  found  that  "a 
single  spark  from  the  prime  conductor  of  a  machine,  of  about 
an  inch  long,  thrown  on  to  the  end  of  a  circuit  of  wire  in  an 
upper  room,  produced  an  induction  sufficiently  powerful  to 
magnetize  needles  in  a  parallel  circuit  of  iron  placed  in  the 
cellar  beneath,  at  a  perpendicular  distance  of  30  feet,  with 
two  floors  and  ceihngs,  each  14  inches  thick,  intervening." 

At  the  "Magnetic  Observatory  on  the  grounds  of  the 
U.  S.  Naval  Observatory,  Washington,  D.  C,  in  1897-8, 
the  record  of  the  vertical  force  instrument  of  the  magneto- 
grapli  was  chiefly  that  of  the  j)otentia1  or  electric  loafi  ii])on 
the  trolley  line  of  the  Tennalytown  R<^a(l.  and  not  that  of  the 
changes  in  terrestrial  magnetism,  although  a  distance  of 
1300  feet  separates  the  magnetic  instrument  from  the  near- 
est point  of  the  road. 

The  photographic  record  presents  a  fuzzy,  tortured,  ir- 
regular band  during  the  working  hours  of  the  road,  and  this 
condition  is  greater  or  less  from  day  to  day  according  to  the 
electric  load  on  the  line — much  more  exaggerated  in  sum- 
mer and  on  busy  days  of  travel  than  in  winter;  while  at 
night,  when  the  cars  do  not  rim,  the  line  of  terrestrial  mag- 
netic change  is  thin,  clear,  and  regularly  variable. 

The  vertical  force  instrument  is  a  horizontal  needle  deli- 
cately poised  by  little  trunnions  on  agate  knife-edges. 
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weighted  to  be  level,  and  moveable  In  a  vertical  plane  ac- 
cording to  the  fluctuations  of  the  vertical  component  of  the 
£arth*s  magnetism:  this  motion  is  automatically  photo- 
graphed. The  instrument  as  well  as  the  others  of  the  same 

iiiaL;netograph  are  covered  by  large  bell  glasses,  exhausted 
of  air,  and  they  arc  located  in  a  vault  15  feet  or  mure  below 
the  level  of  the  ground,  l  luis  the  magnetic  waves  from  the 
trolley  of  the  electric  road,  to  reach  these  instrunicius,  had  to 
pass  through  a  tliickiiess  of  1300  feet  of  solid  earth  and  then 
span  a  vacuum  in  the  bell  glasses! 

Even  more:  in  the  year  1900,  the  Director  of  a  magnetic 
observatory  in  Germany  protested  against  electric  trolley  cars 
coming  nearer  the  observatory  than  fifteen  kilometres — 
about  eight  miles! — ^l)ecause  the  delicacy  of  the  magnetic  in- 
struments was  such  that  they  would  be  affected  by  the  elec- 
tromagnetic waves  that  the  fluctuations  in  the  current  sent 
out  through  earth  and  air. 

6.  Magnetic  action  in  space. — But  to  pass  beyond  these 
restricted  iii>umccs  of  the  scope  of  magnetic  action,  let  us 
picture  what  occurs  over  a  large  area  covered  by  a  storm 
centre:  bamnietcK  rise  or  fall  as  the  air-wave  advances  or 
recedes;  weatlier-\ anes  swing  round  to  every  shift  of  wind; 
thermometers  tiuctuate  with  chilliness  or  warmth;  and  hy- 
groscopes  expand  or  contract  with  more  or  less  moisture. 

The  several  instruments  promptl  \ .  and  in  unison,  indi- 
cate the  prevailing  atmospheric  conditions. 

Similarly  do  another  set  of  instruments — ^magnetic 
needles — ^tell  of  violent  commotion  of  a  different  kind,  even 
with  the  atmosphere  at  the  stillness  of  a  dead  calm. 

Magnetic  storms  have  overspread  the  continents  of  Eu- 
rope and  America  at  the  same  time,  when  every  needle  was 
affected  as  with  a  kind  of  frenzy — ()>cillating  together,  as  if 
some  gigantic  Br^are^l^  reached  out  his  hundred  arms  and 
with  a  finger  on  e\ery  one  ninxcd  them  regularly  or  wildly 
as  the  mood  was  upon  hini.   Even  the  Sun  has  taken  part  in 
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this  simultaneity  of  movement;  for,  coincidently  with  a 
flaming  prominence  rising  from  its  disc  followed  by  a  spot 
on  its  surface,  magnetic  needles  at  places  as  remote  from 
each  other  as  London  and  the  Rocky  Mountains  have  been 
observed  to  shiver  in  erratic  tremors.  Such  a  fact,  oft  re- 
peated, as  will  be  seen  later,  points  to  a  bond  of  union  be- 
tween Earth  and  Sun — a  medium  filling  all  space. 

Section  Three :  A  XedininHeceMary  to  Transmit  Energy; 

the  Ether. 

7.  Energy  defined  and  illustrated, — Energy  is  the 
power  to  do  work:  this  is  indicated  even  by  the  phrase  in 
daily  use,  that  a  man  has  great  energy  or  little  energy — 
meaning  his  potential  resources  for  work. 

By  work,  the  air  is  moulded  into  a  state  of  undulation — 
this  reaches  the  drum  of  the  ear,  or  any  other  tense  mem- 
brane, and  throws  it  into  vibration:  sound  results,  and  it  is 
at  the  expense  of  enerj2fy.  Thermal,  luminous,  electrical, 
mat^netical.  and  clicmical  effects  arc  also  attained  by  the 
decay  of  energy.  l)iu  what  is  the  medium  of  transmission  and 
how  is  this  accomplished? 

Now  there  arc  only  two  ways  of  transmitting  energy: 
either  by  the  bodily  transfer  of  matter,  or  as  an  undulatory 
movement.  A  cannon-ball  fired  from  a  gun  impresses  upon 
the  point  of  impact  the  energy  of  the  powder  that  impelled 
it — ^this  is  the  bodily  transfer:  the  elasticity  of  the  material 
composing  a  train  of  cars  standing  upon  a  track  will  convey 
the  bump  of  an  engine  through  them  all  to  the  last  one, 
which  alone  starts  off — this  illustrates  the  undulatory  trans- 
fer, the  method  of  sound.  Again:  let  a  loaded  gun  be  fired 
at  a  man's  hand;  he  becomes  conscious  of  it  in  three  differ- 
ent ways:  first,  by  the  pain  due  to  the  bullet  striking  his 
ilesh — this  is  the  material  transfer  of  part  of  the  powder's 
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energ^y,  the  shock  to  his  tactile  nerves;  second,  the  sound 
of  the  discharge,  which  reaches  his  auditory  nerve  as  an  un* 
dulatory  movement  of  the  intervening  air;  and  third,  the 
flash  of  light  resulting  from  the  violent  chemical  combina* 
tion  of  the  ingredients  of  the  powder — ^but  how  is  the  energy 
of  this  last  transmitted? 

Light  is  a  sensation  of  the  brain  conveyed  to  it  by  the 
optic  nerve,  from  some  source,  whether  this  be  a  phosphor- 
match  ijT^iiiteci  111  liie  hand,  or  the  rosy  brilliance  of  a  hydro- 
gen flame  tearing  its  way  through  the  chromosphere  of  the 
Sun. 

Does  li^ht  reach  us  as  particles  of  matter  shot  from  the 
source*  or  as  a  motion  of  some  intervening  medium?  In  the 
case  of  sound,  one  wave  of  air  may  follow  another  at  such 
interval  as  to  reinforce  it,  or  completely  destroy  it;  and 
similarly,  light  may  be  added  to  light  so  as  to  produce  greater 
brilliance,  or  utter  obscurity. 

This  fact  is  wholly  inexplicable  on  the  theory  of  the 
bodily  transfer  of  luminous  matter,  for  how  could  a  greater 
number  of  shining  particles,  converging  to  a  point,  produce 
darkness?  As  well  expect  less  brilliance  from  a  cluster  of 
diamonds  than  fr(3m  a  single  one! 

On  the  other  hand,  the  undiilatory  theory — that  of  waves 
in  some  medium — does  explain  most  satisfactorily,  not  oidy 
this  fact,  hut  also  nearly  every  phenomenon  of  light,  and  it 
conflicts  with  none  of  rheni 

8.  The  medium  of  electromagnetic  energy;  the  ether. 
— Since,  then,  for  luminous  effects  there  are  waves,  and  these 
are  not  of  air,  for  this  medium  encases  the  Earth  only  in  a 
thin  rind,  whereas  light  comes  from  the  Sun  through  regions 
absolutely  void  of  air,  therefore  we  must  have  another  me- 
dium, and  this  has  been  called  the  Ether;  and,  as  stated  previ- 
ously, since  numerous  erratic  motions  of  magnetic  needles  at 
places  widely  remote  from  each  other  have  been  observed 
coincidently  with  flaming  outbursts  on  the  Sun,  it  is  fair 
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to  trace  magnetic  action,  like  that  of  light,  to  the  Sun,  and 
infer  for  both  the  same  medium. 

It  is  difficult  to  convey  an  idea  of  the  ether  of  space;  for, 
while  such  a  medium,  no  doubt,  exists,  still  we  cannot  prove 
it,  as  with  air;  nor  can  we  determine  b>  experiment  a  single 
one  of  its  properties.  It  is  a  figment  of  the  imagination  and 
partakes  of  all  the  haziness  of  whatever  exists  only  as  a  con- 
ception— ^something  we  can  neither  see,  feel,  weigh,  com- 
press, nor  analyze — only  speculate  about. 

The  mathematician  attril)utes  lo  the  ether  properties 
necessary  to  the  formation  of  equations  expressing  its  en- 
ergy; the  physicist  ascribes  to  it  qualities  essential  to  the 
explanation  of  facts  he  observes;  the  electrician  meets  con- 
ditions that  require  further  hypotheses;  still  others  do  not 
accept  fully  any  one  of  these  conceptions;  and  some  even 
reject  the  ether  altogether. 

Indeed  it  has  been  variously  called  a  gas,  a  liquid,  and 
a  solid  like  a  sensitive,  tremulous  jelly — an  entity  without 
pores  or  interstices,  but  particle  joining  particle  in  one  con- 
tinuous, homogeneous  mass  pervading  tlie  universe — a  sub- 
stance tlie  like  of  which  has  no  analogue  in  all  nature.  Such 
a  conception  does  not  appeal  to  our  reason. 

We  must,  on  the  contrary,  evolve  an  image  and  endow  it 
with  features  that  bear  some  resemblance  to  what  we  behold, 
and  at  the  same  time  help  explain  the  phenomena  of  which 
we  consider  it  the  seat;  and  this  is  the  best  that  can  be  done 
at  present  toward  making  the  ether  an  entity. 

Let  the  ether,  then,  be  supposed  of  dual  nature — com- 
posed of  two  precisely  opposite  entities,  which  is  suggested 
by  the  facts  of  electrolysis;  by  the  absence  of  mechanical 
momentum  in  currents  and  magnets;  and  by  the  difficulty 
of  otherwise  conceiving  a  medium  endowed  with  rigidity, 
which  yet  is  perfectly  fluid  to  masses  of  matter  moving 
through  it.  With  the  hypothesis  of  douhleness  of  constitu- 
tion, this  last-mentioned  difficulty  disappears.   The  ether  as 
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a  whole  may  be  perfectly  iluid  and  allow  bodies  to  pass 
through  it  without  resistance,  while  its  two  components  may 
be  elastically  attached  together  and  may  resist  any  force 
tending  to  separate  them,  as  a  solid  would  if  it  possessed  the 
requisite  rigidity.  It  is  like  the  difference  between  passing 
one's  hand  through  water,  and  chemically  decomposing  it; 
it  is  like  the  difference  between  waving  a  piece  of  canvas 
about  and  tearing  it  into  its  constituent  threads."  (Prof.  O.  J. 
Lodge.) 

Let  this  ether  fill  all  space,  enveloping  Earth,  Sun,  and 
Stars,  and  permeating  even  the  pores  of  matter.   Then,  like 

the  heaving  sea  or  mobile  atmosphere,  it  will  be  agitated  by 
surgings  of  man}'  kinds — waves  arising  from  the  varied  mo- 
tions of  the  atoms  of  matter  cinheddcd  in  it:  for  the  propa- 
gation of  these  waves  the  ether  must  have  elasticity  and 
density,  just  as  the  air  has  those  properties  to  convey  sound. 
Since  the  velocity  of  light  is  exceedingly  great,  so  must  be 
the  elasticity  of  the  ether,  with  correspondingly  small  density. 

As  the  velocity  of  sound  differs  with  the  elasticity  and 
density  of  the  body  through  which  it  passes,  so  does  Light 
travel  faster  or  slower  in  divers  media;  so,  too.  Electricity 
finds  different  substances  variously  pliable  to  its  strain;  and 
so,  also.  Magnetism  permeates  the  metals  with  more  or  less 
ease:  to  account  for  this  diversity  of  behavior  of  these  sev- 
eral forms  of  energy  in  the  different  kinds  of  matter,  the 
ether,  in  addition  to  uniformly  pervading  the  pores,  is  sup- 
posed to  be  condensed  about  the  atoms,  clinging  to  them 
hi  a  sort  of  concentrated  atmosj)here,  the  degree  of  density 
being  the  snme  for  atoms  of  the  same  kind,  but  varying  with 
the  substance. 

It  is  a  matter  of  observation  that  when  a  magnet  or  an 
electrified  body  is  brought  into  the  midst  of  similarly  con- 
ditioned bodies,  or  one  of  an  assemblage  of  electrified  bodies 
is  moved,  there  is  a  disturbance  of  the  electromagnetic 
quietude  previously  existing — ^the  sensitive  ether  around 
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them  quivers  and  trembles:  dynamos  and  other  electrical 
machines  only  set  up  like  tremors  or  urge  them  as  pulses  to 

a  distance;  and  if  these  pulses  accumulate  in  one  place,  they 
are  in  deficit  somewhere  else. 

As  regards  the  apparently  irreconcilable  properties  of 
the  ether — fluidity  and  rigidity — consider  another  substance, 
water:  in  its  liipiid  .state  it  yields  to  the  lij^htest  tread,  but 
crystallized  as  ice  upon  the  river  it  sustains  the  tramp  of 
armies:  or  again,  molten  iron — ^how  easily  it  Hows  in  sinuous 
stream  round  any  mould,  but  when  cooled  to  the  rigidity  of  a 
solid,  only  the  most  violent  effort  will  rend  it. 

Is  it  incredible,  then,  that  there  should  be  another  me- 
dium which  invisibly  welds  a  mass  of  nails  between  the  poles 
of  an  electromagnet  into  such  solidity  as  to  bear  the  weight 
of  tons,  and  yet  when  the  current  stops  the  arch  crumbles 
Into  a  shower  of  pieces? 
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VARIOUS  MOVEMENTS   OF  THE  ETHER  OF  SPACE 
CONSTITUTE  RADIANr  ENLKGY. 

Section  One  :  Xlie  Sun. 

9.  As  the  sun  is  a  prolific  source  of  the  various  forms 
of  energy  treated  in  this  work,  it  will  conduce  to  a  better 
understanding  of  the  subject,  if  the  generally  accepted  view 
of  its  constitution  and  the  principal  facts  relating  to  it,  be 
stated. 

Heat,  light,  and  chemical  activity  we  know  come  from 
the  Sun,  but  the  electromagnetic  form  of  energy  has  not 
such  undisputed  title  to  direct  descent;  indirectly,  however — 
as  offspring  of  the  other  three — the  lineage  is  beyond  ques- 
tion: and  when  one  phase  of  the  energy  passes  so  easily  into 
the  other — a  mere  variation  of  wave-length — ^it  can  hardly  be 
doubted  that  all  emanate  with  characteristic  individuality 
from  the  same  source. 

10.  Solar  heights  and  velocities. — Spectrum  analysis 
has  revealed  the  constituent  matter  of  the  Sun.  and  the  slow 
motion  of  this  matter  observed  in  the  held  of  the  spectroscope 
has  been  interpreted  (upon  Doppler's  principle)  to  mean 
actual  velocities  of  incredible  amount.  Both  Doppler's  prin- 
ciple and  that  of  the  spectroscope  are  described  in  articles 
59  and  65:  it  is  only  with  their  results  that  we  are  concerned 
here. 
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An  object  on  the  Sun,  that  from  our  terrestrial  standpcnnt 
would  measure  ten  seconds  of  arc,  has  an  actua!  height  of  six 
thousand  miles,  and  one  minute  of  arc  is  equal  to  about  28,000 
miles:  one  of  the  hydrogen  prominences  to  be  described  here- 
after was  observed  to  have  an  arc  value  of  13',  equal  to  350,- 
000  miles,  and  it  was  thrust  upward  from  the  photosphere 
with  the  astounding  velocity  of  two  hundred  miles  a  second! 

Actual  motions  of  a  thousand  miles  an  hour  are  not  rare, 
and  towering  forms  of  writhing  gas,  thirty  thousand  miles  in 
height,  are  often  seen. 

II.  Distance,  density,  and  mass  of  the  sun. — The  Sun 
occupies  one  focus  of  the  Earth's  elliptical  orbit,  so  that  its 
distance  varies  with  the  season:  the  mean  distance  is  ninety- 
three  million  miles.  Our  knowledge  of  this  depends  upon 
the  measurement  of  solar  parallax — a  quantity,  therefore,  of 
the  very  first  importance:  indeed,  secondarily,  what  we  know 
of  the  distances  of  the  whole  celestial  host  depends  upon  it. 
The  most  accurate  value  of  this  parallax  is  8.8";  it  is  the 
angle  formed  at  a  point  of  the  Sun  by  the  directions  in  which 
two  observers,  one  at  each  end  of  the  Earth's  radius  as  a  base 
line,  would  see  the  j)oint.  The  base  luie  is  (june  accurately 
known,  but  the  angle  is  small  and  most  difficult  to  measure; 
and  the  least  inaccuracy  introduces  enormous  errors  into  the 
distance  resuliinq:  from  calculation  on  the  data:  hence  the 
unreliability  of  the  Sun's  distance  to  within  thousands  of 
miles.  Upon  the  value  given  above,  however,  several  other 
matters  relating  to  the  Sun  have  been  determined:  its  diame- 
ter, 865,000  miles;  weight,  330,000  times  that  of  the  Earth; 
density,  one-quarter  that  of  our  globe;  and  force  of  gravity, 
twenty-seven  times  that  we  experience;  or,  to  state  it  other- 
wise, such  is  the  immense  bulk  of  matter  in  the  Sun — its 
attracting  mass,  that  a  body  would  there  fall  443  feet  a  second 
whereas  it  falls  only  sixteen  feet  a  second  on  the  Earth,  and  a 
man  weighing  here  150  lbs.  would  there  weigh  about  two 
tons. 
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The  Sun  revolves  on  its  axis  once  in  25J  days;  and  the 
velocity  of  light  is  186.000  niilc^  n  second. 

la.  Aspect  of  the  solar  disc. — Viewed  through  a  tele- 
scope, the  Sun  presents  quite  a  difTerent  aspect  from  the 
smooth  brilliant  orb  seen  by  the  naked  eye:  true,  it  is  not  like 
the  Moon,  rugged,  with  mountain  range  and  valley  deep, 
affording  strong  contrasts  of  light  and  shade;  but  appears 
like  a  field  of  whitish  sand  strewn  with  large  dazzling  rice 
grains;  or  like  lumps  of  the  pure  white  curd  of  milk  floating 
in  a  lurljid  whey — a  contrast  of  brilliance  and  dullness — a 
mottled  surface,  produced  by  small  shininj^  l)0(lics  disposed 
in  patches,  groups,  and  streaks  over  a  sombre  ground. 

13.  Constituents  of  the  Sun. — So  many  of  the  terrestrial 
substances  have  lieen  found  (by  the  spectroscope)  in  the  Sun 
— iron,  tin,  zinc,  lead,  copper,  carbon,  silver,  nickel,  silicon, 
etc. — that  it  has  been  well  said  that  if  the  Earth  were  heated 
to  the  degree  the  Sun  is,  it  would  give  a  similar  spectrum. 
But  the  matter  of  the  Sun  cannot  exist  in  either  the  solid 
or  liquid  state,  as  with  us.  Every  element  has  a  "  critical  ** 
temperature,  above  which  it  cannot  be  liquefied,  however 
great  the  pressure,  and  the  temperatures  of  the  Sun  so  far 
transcend  those  at  which  all  the  elements  may  be  converted 
into  vapor,  that  it  is  incredible  that  these  elements  should 
exist  in  any  other  condition  than  vapor  in  the  Sun.  This  in- 
ference is  corroborated  by  the  solar  density:  being  only  about 
one-(iuarter  that  of  the  Earth,  the  same  substances  consti- 
tuting^ both  must  be  in  different  coiKhtions  in  each — lighter 
in  one,  heavier  in  the  other — vapors  in  tlie  Sun.  solids  in  the 
Earth.  The  Sun  is  therefore  most  probably  a  whirling  bail 
of  varied  metallic  gases,  and  this  view  is  borne  out  by  spec* 
trum  analysis. 

The  matter  of  the  Sun  cannot  of  course  be  of  the  same 
temperature  and  consistency  throughout:  in  the  core  the 
heat  must  be  more  intense  than  on  the  rim,  where  it  has  free 
radiation  into  space;  and  the  excessive  compression  must 
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render  the  inner  gases  of  the  viscosity  of  tar  as  compared 
with  the  mobility  of  the  outer  hydrogen. 

The  Sun  is  considered  made  up  of  a  series  of  concentric 
layers  or  shells  of  very  irregular  outline — the  nucleus,  photo- 
sphere, chromosphere,  protuberences,  and  corona.  Tlie 
photosphere  is  the  dazzHng"  disc  wc  see,  composed  of  brilliauL 
self-luminous  clouds  Hoating^  in  tenuous  gases,  just  as  the 
clouds  of  Earth  hang  in  our  atmosphere:  hut  while  ours  are 
of  watery  vapor  midst  a  mixture  of  oxyi^en  and  nitrogen, 
those  of  the  Sun  are  droplets  of  many  metals  condensed  on 
the  outer  confines  of  the  Sun  and  buoyed  up  by  vapors  of  the 
same  metals  and  others  less  condensable. 

Between  and  above  the  metallic  clouds,  the  metallic 
atmosphere  exists  and  constitutes  the  reversing  layer  that 
absorbs  the  radiant  waves  from  the  brilliant  cloud  masses, 
and  thus  furrows  the  solar  spectrum  with  dark  lines.  When 
the  disc  of  the  Sun — the  photosphere — ^is  hidden  during  a 
total  eclipse,  there  still  remains,  as  a  border  outside  it,  the 
reversini;  layer — the  solai  ai:in)S|)here  of  incandescent  metal- 
lic ceases:  As  the  Moon  atKances,  making  narrower  and 
narrower,  the  remaininj^'^  sickle  of  the  solar  disc,  the  dark  Hues 
of  tlie  spectrum  for  tlie  most  j)art  remain  sensibly  un- 
changed, though  becoming  somewhat  more  intense. 

"  A  few,  however,  begin  to  fade  out,  and  some  turn 
palely  bright  a  minute  or  two  before  totality  begins. 

"  But  the  moment  the  Sun  is  hidden,  through  the  whole 
length  of  the  spectrum,  in  the  red,  the  green,  and  the  violet, 
the  bright  lines  flash  out  by  hundreds  and  thousands  almost 
startlingly;  as  suddenly  as  stars  from  a  bursting  rocket  head, 
and  as  evanescent,  for  the  whole  thing  is  over  within  two  or 
three  seconds.  The  [reversine:]  layer  seems  to  be  something 
luider  a  thousand  miles  in  ihu  knc»  and  the  Moon's  motion 
covers  it  very  quickly.  '  (IVof.  C.  A.  Younijf.)  This  action  of 
the  reversing  layer  on  the  iii^ht  waves  forms  the  basis  of 
spectrum  analysis  and  is  explained  m  article  59. 


Digitizcu  by  Google 


l6  RAD  IAN  2'  ENBEGY  JN  ETHER  OF  SJPACE, 

Encircling  this  reversing  layer  is  a  fringe  of  tlame — scarlet 
hydrogen  flames,  as  tiiey  mostly  are — bendinj^-  and  waving 
like  a  prairie  on  fire:  this  is  the  chromosphere  whose  depth  . 
is  about  six  thousand  miles. 

Shooting^  up  through  the  chromosphere,  like  stupendous 
peaks,  are  the  prominences — roseate  masses  of  highly  heated 
gas:  some  of  quiescent  aspect— others  eruptive;  some  like 
jets»  plumes,  filaments  and  diffuse  scarlet  clouds  with 
stemmed  pediments— others  twisted,  writhing,  cyclonic,  pre- 
senting every  appearance  of  violent  commotion,  as  if  they  had 
been  ejected  from  the  very  bowels  of  the  Sun;  and  indeed 
their  spectrum  would  bear  out  such  an  inference,  for  it  con- 
tains the  lines  of  many  elements,  whereas  the  quiescent 
prominences  have  a  simple  spectrum,  almost  exclusively  that 
of  hydrogen  and  helium. 

The  heights  of  the  prominences  are  varied  and  extreme, 
mostly  between  ten  and  thirty  thousand  miles,  while  some 
attain  a  hundred  thousand,  and  a  rare  few  double  or  treble 
that  altitude. 

Beyond  the  region  of  peaks  extend  the  brilliant  streamers, 
beams,  and  rays  of  the  corona  like  broad  spokes  of  a  wheel — 
a  kind  of  solar  aurora — a  pearly  light,  so  filmy,  so  ethereal, 
that  little  is  known  of  its  nature  beyond  the  single  fact  that  it 
gives  a  bright  line  in  the  green  of  the  spectrum:  this  indi- 
cates that  the  corona  is  formed  of  an  incandescent  gas.  lighter 
than  hydrogen — a  new  element,  which  has  not  yet  been  found 
on  F.arth.  and  to  which  the  name  coronium  has  provisionally 
been  gi\  cn. 

14.  The  Sun's  heat  and  light. — By  suitable  instru- 
mental means  the  brilliance  and  heat  of  the  Sun  have  been 
compared  with  the  molten  metal  of  a  Bessemer  converter: 
the  blaze  was  found  eight  times,  and  the  heat  eighty-seven 
times,  more  intense  than  the  light  and  heat  of  the  molten 
metal. 

The  solar  atmosphere  absorbs  the  heat,  light,  and  color 
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of  the  photosphere  to  such  extent  that  they  decrease  greatly 
from  center  to  circumference:  considering  heat,  white  light 
and  its  components  each  loo  at  the  center,  they  fall  off  in 
regular  gradients,  until  at  the  circumference  they  are  as  fol> 
lows:  violet,  13;  blue,  16;  green,  18;  yellow,  25;  red,  30; 
white,  37;  and  heat,  43. 

In  coiKciuiaLing  ilic  heat  of  the  Sun  with  a  burninp^  glass, 
we  merely  produce  the  cficcl  of  approaching  the  object  in 
ibc  focus  of  the  glass  to  sncli  i)roximity  to  the  Sun  that 
the  latter  appears  of  the  sMinc  size  as  the  lens  does,  viewed 
from  its  own  focus.  *'  The  most  powerful  lens  yet  made  thus 
virtually  transports  an  object  at  its  focus  to  within  two  hun- 
dred and  hfty  thousand  miles  of  the  solar  surface,  and  in  this 
focus  the  most  refractory  substances — ^platinum,  fire-clay, 
and  the  diamond — ^are  either  instantly  melted,  or  dissipated 
in  vapor."  (Prof,  C.  A.  Young.) 

15.  Senewal  of  radiation. — ^The  enormous  quantity  of 
heat  radiated  by  the  Sun  must  have  a  source  of  supply,  other- 
wise a  perceptible  decrease  would  be  observed  'durinjj^  the 
age  of  man.  which  is  not  the  case.  It  is  known  that  all  space 
is  strewn  with  cosmic  matter — fragmentary  particles  from  the 
size  of  a  meteor  to  that  of  a  planet:  the  impact  of  matter 
upon  matter  gives  rise  to  heat,  and  if  only  a  hundredth  part 
the  mass  of  the  Earth  were  liurled  from  its  distance  into  the 
Sun  annually,  it  would  maintain  its  radiance  at  a  constant. 
Astronomical  reasons,  however,  render  this  improbable  as 
the  only  or  chief  source  of  renewal.  Another  possible  means 
of  supply  is  the  contraction  of  the  Sun  itself:  "  The  same  total 
amount  of  heat  is  produced  when  a  body  moves  against  a 
resistance  which  brings  it  to  rest  gradually  as  if  it  had  fallen 
through  the  same  distance  freely  and  been  suddenly  stopped. 
If,  then,  the  Sun  does  contract,  heat  is  produced  in  enormous 
quantities,  since  the  attracting  force  at  the  solar  surface  is 
twenty-seven  times  that  on  the  Karth,  and  the  mass  is  so  im- 
mense "  (Prof.  Young);  and  it  has  been  calculated  that  an 
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annual  contraction  of  the  Sun's  diameter  of  about  three  hutt- 
<lred  feet  would  compensate  for  its  radiation.  This  process 
brings  about  heat  in  another  way:  the  confined  gases  of  the 
nucleus  must  periodically  reach  a  limit  of  compression  when 
an  outburst  must  occur,  and  volumes  of  the  molten  matter  are 
hurled  outward  as  the  eruptive  prominences  indicate:  reach- 
ing  the  outer  cold  of  s])ace,  this  matter  is  condensed  into 
a  metallic  rain  which  falls  in  sheets  upon  the  photosphere, 
givini^  out  heal  Ijoih  by  the  impact  and  tlie  process  of  con- 
densation. We  have  the  analogous  |)rocess  on  Kartli,  when 
ascending;'  vapors  gather  into  clouds,  fall  as  rain,  and  renew 
the  streams  that  are  temporarily  depleted  by  flow  into  the 
ocean.  Heat  is  absorbed  in  evaporation  and  given  out  in  con- 
densation. 

16.  The  Sun's  motion  in  space.— The  Sun  is  not  abso- 
lutely fixed:  ''it  do  move";  and  is  driving  through  space 
toward  a  point  in  the  constellation  Lyra,  at  the  rate  of  thirty- 
three  miles  a  second,  dragging  with  it  the  whole  planetary- 
system;  thus,  "  the  Earth,  instead  of  describing  a  closed 
ellipse,  of  which  the  Sun  occupies  one  of  the  foci,  really 
moves  on  a  sort  of  elliptical  helix  traced  on  a  cylinder  of 
which  the  axis  is  the  path  of  the  Sun  through  space.'* 
(Angot.) 

17.  The  Sun  a  source  of  magnetic  energy.  — Iron  is  the 
home  of  tnac^netism,  and  a  mass  of  it  placed  in  the  midst  of 
a  stream  of  electromagnetic  waves  gathers  them  in  as  a 
sponge  does  water.  Of  all  the  metals  in  the  Sun,  the  lines 
of  iron  are  by  far  the  most  numerous,  more  than  two  thou- 
sand of  them  furrowing  the  spectrum;  and  they  are  also  the 
most  intense,  calcium  alone  excepted. 

While  experiment  shows  that  at  very  high  temperatures, 
magnets  temporarily  lose  their  distinctive  virtue — ^to  acquire 
it  again  on  return  to  the  original  heat — still  this  does  not 
exclude  the  probability  of  the  various  processes  in  the  Sun 
producing  electromagnetic  energy.    Scarcely  a  mechanical 
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action  on  Earth  but  excites  the  electromagnetic  condition, 
which  by  suitable  means  may  be  converted  into  a  current  that 
expires  in  a  succession  of  sparks.   To  enumerate  but  the 

principal  sources,  take  Friction;  any  two  dissimilar  metals 
rubbed  toi^ctlier  will  cause  tlie  electric  condition,  and  one 
lias  only  to  recall  the  nunil)cr  of  friciional  machines  that  have 
been  constructed  for  its  ai)un(lant  supply,  to  ai)j)reciate  the 
importance  of  this  source;  Crushing  or  Grind  in  of  bodies, 
which  is  but  a  kind  of  intimate  friction  of  their  particles; 
Pressure,  Rending,  Concussion,  Disntption,  yibraiion — all  these 
give  rise  to  the  electromagnetic  condition. 

The  minute  droplets  of  the  various  metals  in  the  Sun  are 
forever  grinding,  clashing,  and  rubbing  against  each  other, 
and,  as  a  consequence  of  these  actions,  vibrating  also,  and  all 
with  a  power — a  violence — ^beside  whiclj  the  most  intense 
processes  of  the  same  kind  on  Earth  are  but  the  puny  motions 
of  pigcmies.  Ima^ite,  if  possible,  the  thrust  that  would  hurl 
a  n)<i>^  of  gaseous  <iroi)lets  of  copjier,  zinc,  iron,  tin,  and  silver 
to  the  hei.Ljlu  of  a  iuuulretl  tiionsand  miles  with  the  velocity 
of  a  hundred  miles  a  second,  as  occurs  when  an  erui)tive 
prominence  is  shot  out  from  the  pliotosi)licre— the  grinding 
and  crushing  together  of  the  particles — tlie  resuliing  vibra- 
tory movement  of  the  atoms — and  then  think  if  these 
processes  produce  electromagnetic  waves  on  Earth,  what 
billows  must  come  from  the  Sun!  And  it  is  a  well-estab- 
lished fact  that  often,  concurrently  with  these  eruptions  in 
the  Sun,  the  magnetic  needles  on  Earth  shiver  and  oscillate 
as  if  struck  by  a  succession  of  these  very  billows:  at  the 
same  time  auroras  appear;  now,  auroral  stratification  and 
colors  may  be  produced  in  miniature  in  a  vacuum-tube  by 
bringing  it  within  the  influence  of  electric  discharges;  so 
that,  granting  that  electromagnetic  waves  result  from  solar 
outbursts,  when  they  reach  the  rare  regions  of  our  atmos- 
phere, they  illumine  them,  and  as  a  consequence  we  have 
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those  brilliant  auroras  that  cap  the  magnetic  poles  like  huge 

candlc-cxtinj^uishers. 

Chemical  aclit)n  is  anotlier  fruiiiiil  source  of  electricity, 
and  the  chemical  effects  of  tlie  Sun's  rays  are  everyw  here  visi- 
ble: is  it  not  hkely.  then,  that  with  the  substances  and  proc- 
esses that  supply  electricity  on  Earth  existent  also  in  the 
Sun,  there  should  be,  midst  its  hery  violence,  combination 
and  disruption  of  elements — ^both  chemical  actions — and  as 
a  consequence  electromagnetic  waves  of  solar  size? 

Section  Two :  Radiant  Energy  Varionaly  Illnstrated. 

z8.  Andent  and  modern  views  of  radiant  energy. — 

In  the  early  efforts. to  explain  natural  phenomena,  Light  was 

attributed  to  luminous  particles  shot  out  from  some  source; 
Heat  was  an  imponderable,  Caloric,  that  wandered  from  one 
substance  to  another;  Mag-netism  was  a  peculiar  effluvium 
emitte<l  by  certain  metals;  Cbemical  Reaction  was  Phlogis- 
ton; and  even  unto  our  day.  Electricity  is  spoken  of  as  a  fluids 
decomposable  into  positive  and  negative  parts. 

During  the  17th  century  these  views  began  to  be  ques- 
tioned, and  others  put  forward — hesitatingly  at  hrst,.  but  with 
growing  strength  as  bolder  thought  grappled  the  subject. 
About  the  beginning  of  the  19th  century  the  Undulatory 
Theory  of  Light  and  the  Dynamical  Theory  of  Heat  were 
clearly  stated,  and  firmly  established  by  experiment;  and 
to-day,  few,  if  any,  dispute  them.  Electricity,  Magnetism, 
and  Chemical  Reaction  have  also  been  spoken  of  as  the  re- 
sults of  a  motion  of- some  medinnr.  the  inidulatory  theorv 
has  expanded,  and  voices  in  its  favor,  like  rip])]es  from  vari- 
ous sotirces,  have  risen  at  many  points,  and  are  movini^  in 
harniuny  toward  the  same  goal;  and  the  indications  are,  that 
they  will  eventually  coalesce  into  one  wave  to  drown  all  doubt 
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of  Radiant  Energy  being  a  varied  movement  of  some 
medium. 

I9«  Pzlmary  motloiia. — There  are  four  primary  motions 
— ^translatory,  rotary,  oscillatory,  and  vibratory;  and  all 
others  are  compounds  of  these.  The  first  is  rectilinear — a 
car  moving*  along  a  track;  the  second,  round  an  axis,  like  a 

toj)  or  fly-wheel;  the  third,  a  to-and-fro  swinging  of  the 
whole  mass  oi  iUq-  IkhIv.  like  a  pendulum;  and  the  fourth,  a 
periodic  change  of  torm  of  the  ol)jcct  itself,  as  a  tuning-fork, 
which  sways  back  and  forth,  aUernatinij:  its  form  to  a  curved 
outline  on  each  side  of  a  straight  line  which  is  its  middle 
position;  or  a  vibrating  bell,  which  changes  from  an  ellipse 
in  one  direction  to  another  at  right  angles  thereto,  while 
passing  through  its  natural  circular  form  between  both. 

The  wave,  or  undulatory  movement  is  made  up  of  the 
translatory  and  oscillatory,  and  a  combination  of  translation 
and  rotation  gives  the  spiral  motion.  Atoms,  equally  with 
large  masses,  may  have  any  of  the  primary  motions  or  their 
compounds;  in  masses  they  are  called  mechanical — ^in  atoms, 
molecular;  and  this  is  the  only  distinction,  that  one  is  visible, 
the  other  not — there  is  no  difference  in  kind  in  the  motion  of 
mass  or  molecule.  An  atom  may  rotate  as  the  Earth  does, 
or  be  projected  in  space  as  that  body  is;  also  it  may  vibrate 
as  a  bell  and  swing  to  and  fro  like  a  pendulum:  all  these  un- 
seen Tuolecular  motions  are  no  less  real  than  the  visible  me- 
chanical movements  of  bell,  car,  or  iiy-wheel,  and  they  have 
•    been  reasonably  inferred  from  varied  experiment. 

30.  AU  aubstances  reducible  to  definite  elementa 
whose  atoma  are  forever  vibratiiig. — Chemical  analysis  has 
reduced  all  matter  to  about  seventy  different  elements,  and 
spectrum  analysis  has  established  the  fact  that  each  of  these, 
when  in  a  state  of  glowing  vapor,  exhibits  a  distinctive  color 
or  group  of  colors  by  which  it  may  be  recognized. 

A  particular  color  is  due  to  a  specific  wave  of  ether,  and 
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each  color  being  producible  at  will  by  raising  its  correspond- 
ing substance,  in  gaseous  form,  to  a  state  of  incandescence, 
it  follows,  both  that  the  atoms  of  those  vapors  are  the  origin 
of  the  waves,  and  that,  as  these  differ  one  from  another,  so  do 

their  sources. 

The  exisuiice  of  waves  requires  motion  in  tlie  source — a 
Tibratioii — just  as  a  rubber  ball  expanding  and  contracting  in 
water  will  give  rise  to  a  motion  in  lic|uid. 

From  the  myriad  sources  of  lit^iit  tliroughout  the  uni- 
verse, ether-waves  are  circling  forth:  they  commingle,  cross, 
and  interfere  in  every  possible  way;  separately,  they  give 
color — combined,  they  give  white  light;  as  the  simple  undu- 
lation, they  produce  ordinary  light — ^as  the  spiral  wave,  rotary 
polarized  light:  but  whatever  their  effects,  their  origin  is  a 
vibration  of  atoms. 

H  Ere  the  filament  of  a  glow-lamp  reaches  the  luminous 
stage,  it  has  been  warmed  by  the  electric  current:  cover  the 
butb  with  the  hand  and  we  can  feel  its  heat — ^how  did  it  ac- 
quire it?  Not  from  the  current  directly,  for  that  did  not 
enter  ilie  glass.  It  passed  throui^li  tlic  carbon  only  atid  threw 
its  atoms  into  greater  vibration;  tbis  excited  waxes  in  the 
ether,  which  fell  u{)on  tlie  i;Ia>s  and  ur^ed  its  atoms  into 
svncln-(Mious  movement;  the  hand  felt  the  latter  bv  material 
contact,  but  it  might  have  felt  it  also  from  concussion  of  the 
ether-waves  themselves.  And  mark,  that  these  ether-waves 
arose  in  the  center  of  the  glass  bulb  and  expanded  across  its 
enclosing  space — z.  region  void  of  air. 

All  matter  is  variously  warm  or  cold  to  the  touch,  and  is 
ever  interchanging  this  condition  with  other  matter  in  the 
vicinity;  which  is  the  equivalent  of  saying  that  the  atoms  of 
every  substance  in  nature  are  variously  vibrating,  and  hence 
sending  out  into  the  ether  a  multiplicity  of  waves  of  every 
conceivable  amplitude,  for  upon  this  feature  of  the  wave  does 
the  dcq-ree  of  heat  depend. 

DiU'erent  substances  are  diflerently  elastic  and  dense,  and 


Digitized  by  Google 


RADIANT  BtfERGY  VARIOUSLY  ILLUSTRATED,  23 


as  masses  are  only  aggregations  of  atoms,  it  is  reasonable  to 
infer  that  the  atoms  are  elastic  and  dense  too,  even  vari- 
ously so. 

Elastic  bodies — bells,  tuning-forks,  and  piano-wires — 

have  not  one  simple  vibration  alone;  but  npon  the  funda- 
mental note  is  superposed  a  \aiicty  u\  harmonics  coming 
iiijii!  minor  \  il)ratinns  of  the  same  body:  so  we  may  be  sure 
that  the  elastic  atoms  of  any  one  substance  do  not  expand 
and  contract  in  one  single  rythm.  but  like  their  aggregate 
masses,  have  their  atomic  overtones  due  to  varied  molecular 
movement. 

at.  Analogies  of  sound  and  light. — If  we  strike  a 
golden  plaque,  it  gives  out  a  clear  ringing  note;  if  a  brass 
plate,  a  harsh  metallic  clang;  and  if  a  sheet  of  lead,  only  a 
dull  thud:  it  is  the  atoms  of  these  metals  in  the  aggregate 
that  really  take  up  the  motion  of  the  blow  and  pass  it  on  as 
pulses  of  air;  it  is  the  same  air  that  is  the  medium  for  all,  so 
that  the  diflFerence  in  sound  must  be  due  to  the  difTerence  in 
viljration  of  atoms  of  gold,  brass,  and  lead:  each  emits  its 
<listinctive  note — -a  wave  of  specific  length,  j^eriod,  and  am- 
plitude. Similarly,  the  atoms  of  elements  in  tiie  Sun.  jEflow- 
ing  with  the  intensity  of  their  motion,  setid  out  into  the  elher, 
waves  e(|ually  characteristic  of  each  element — waves  of  spe- 
cific length,  period,  and  amplitude. 

The  voice  may  be  pitched  to  a  deep  base  or  high  soprano; 
musical  instruments  yield  both  graver  and  shriller  notes;  and 
the  possibilities  of  hearing  are  still  beyond  these:  yet  both 
above  and  below  these  limits  there  are  sounds  we  cannot 
hear — ^the  means  of  making  them  exist,  but  not  one  of  the 
three  thousand  strings  in  the  harp  of  the  ear  will  respond. 
So  with  the  waves  of  ether:  they  act  upon  the  retina  within 
certain  well-determined  limits  of  length  and  number  per  sec- 
ond, but  for  more  or  less  we  have  no  responsive  fibres  in 
the  eye. 

Pitch,  or  rapidity  of  vibration,  is  to  sound  what  color  is 
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to  light;  and  (or  the  diatonic  scale  in  air  there  is  the  chro'* 
matic  scale  in  ether — ^the  musical  notes  of  one  have  their 
analogues  in  the  varied  colors  of  the  other:  moreover,  as 
from  the  violin  we  may  draw  notes  the  most  grave  to  the 
most  acute  in  one  unbroken  gradient,  so  do  colors  blend 
one  into  another  without  gap — a  continuous  variation  in  the 
number  and  amplitude  of  viljrations  per  second  producing  in 
their  respective  media — air  and  ether — notes  from  bass  to 
soprano  and  colors  from  red  to  violet.  And  as  the  aiuhble 
notes  are  ilaiiked  1)y  others  too  <;rave  and  too  acute  for  tlie 
ear,  so  on  each  side  of  the  visible  rays  there  are  others  in 
continuous  series  that  do  not  affect  the  eye,  but  do  produce 
heat,  chemical  activity,  electricity,  and  ma.srietism. 

The  slaking  of  quick-lime — a  chemical  process — gives 
rise  to  a  hissing  sound,  and  the  explosion  of  fulminates  is 
another  illustration  of  sound  produced  by  chemical  action; 
the  crackling  noise  of  a  torrent  of  sparks  from  a  statical  ma- 
chine is  evidence  of  sound  arising  from  electrical  sources; 
the  make-and-break  of  the  current  in  an  electromagnet  may 
be  done  often  enough  to  convert  the  click  following  each 
into  a  continuous  hum.  showing  that  sound  can  be  caused 
by  magnetism;  the  singing  flame — a  musical  sound,  is  the 
direct  ofTspring  of  heat;  and  by  tinnng  the  redection  and 
withdrawal  of  a  beam  of  light  from  a  suitably  prepared  deli- 
cate surface,  the  latter  is  thrown  into  such  periodic  motion 
that  it  gives  a  note  corresponding  to  the  frequency  of  the 
action,  and  thus  we  have  sound  from  light:  if  progeny  de- 
notes aught  of  its  parent,  then  Sound — a  movement  of  the 
air,  bom  of  all  these  forms  of  radiant  energy — ^points  to  them 
as  movements  of  the  ether.  Motion  in  the  Consequent — 
Sound — ^presupposes  motion  as  the  nature  or  characteristic 
of  the  Antecedent— &heat,  light,  electricity,  magnetism,  and 
chemism. 

But  there  is  no  conflict  of  these  varied  phenomena:  the 
vibratory  heat  field  and  the  magnetic  field  of  an  atom  are 
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two  'distinct  spheres  of  influence  in  the  same  locality,  just 
as  light  and  sound  occupy  the  same  space. 

32.  Stress  in  the  ether  an  electro-magnetic  condition. 

— An  electric  car  passing  near  a  magnetic  observatory  gives 
every  needle  in  it  a  shudder;  the  variation  of  the  current  in 

the  conducting  wire  sends  out  a  magnetic  wave  vvhuse  im- 
pulse all  the  instruments  feel:  so  the  surging^  of  electro- 
magnetic billows  on  the  Sun  send  violent  tremors  through 
magnetic  needles  on  the  Earth.  With  very  rapid  alternators, 
the  current  is  neither  wholly  nor  in  great  part  a  transfer  of 
energ}'  in  a  wire;  it  is  only  skin-deep  and  a  very  thin  skin 
at  that;  it  is  mostly  the  transfer  of  a  series  of  strains  through 
the  ether  in  immediate  contact  with  the  wire. 

The  ether  around  a  charged  Leyden  jar,  a  dynamo,  or 
other  reservoir  or  source  of  electricity  in  operation,  is  in  a 
state  of  strain — ^polarized,  as  it  is  called:  it  is  energy  in  a 
condition  of  stress — ^the  energy  of  the  motive  power  that 
charged  the  jar  of  turned  the  dynamo;  and  the  decay  of  this 
energy — the  relief  from  tension  of  the  ether — may  be  slow 
as  in  glass,  or  rapid  as  in  copper,  when  it  constitutes  the  elec- 
tric current.  In  the  latter  case  the  decay  is  constantly  and 
rapiflly  rej^laced — tlie  tension  renewed  by  the  source;  and 
the  ether  transmits  the  motions  of  the  source  as  it  receives 
them 

23.  A  platintun  wire  heated  more  and  more  displays 
all  the  prismatic  colors  in  succession. — Here*  may  fitly  be 
described  an  experiment  that  has  been  variously  performed: 
it  will  illustrate  the  intimacy  between  the  different  forms  of 
radiant  energy.  In  a  darkened  room  stretch  a  platinum  wire 
horizontally  and  have  a  foot  or  so  of  it  of  very  small  size. 
Connect  the  wire  with  a  source  of  electricity  outside  the 
room;  and  have  at  hand  a  rock-salt  prism,  which  gives  the 
freest  passage  to  heat  rays,  a  battery,  a  ji^alv.iiionieter  with 
spot-of-light  pointer,  a  magnetic  needle  i)t)ised  on  a  pivot, 
and  a  bolometer.    This  last  is  a  "  sensitive-nerve  "  to  heat: 


Digrtizec  by  <jOOgIe 


26 


RADIANT  ENERGY  IN  ETHER  OF  SPACE, 


it  consists  of  two  small  strips  of  iron  or  palladium  placed  in 
a  little  case,  and  its  principle  is  the  varying  resistance  these 
offer  to  an  electric  current  when  differently  heated;  and  so 
sensitive  is  it  that  the  difference  in  heat  coming  from  a  bright 
band  and  a  dark  line  of  the  spectrum  is  indicated  by  the  vari- 
ation in  current  passing  through  it.  and  lience  by  a  corre- 
sponding movement  of  tlie  spot  of  hglit  of  the  galvanometer 
with  which  the  "  nerve  "  is  connected. 

At  first,  all  is  dark  in  the  room,  and  only  by  touch  can 
we  know  that  the  wire  is  present;  but  send  a  weak  current 
through  it,  and  other  indications  of  its  presence  arise:  a 
gentle  warmth  emanates  from  its  midst  and  a  magnetic  whirl 
surrounds  it— the  magnetic  needle  reveals  the  one,  pointing 
everywhere  across  the  direction  of  the  wire,  and  a  thermome- 
ter the  other,  whose  rays,  moreover,  may  be  refracted  by 
the  prism.  Increase  the  current,  and  the  coexistent  fields  of 
heat  and  magnetism  grow  in  intensity,  while  more  refrangi- 
ble rays  pass  through  the  prism.  Urge  the  current  more, 
and  a  faint  red  band  will  appear  upon  the  wall,  the  first  visi- 
ble radiation  to  be  refracted. 

Continue  to  streni^then  the  current,  and  at  each  increase, 

« 

a  new  and  more  refrangible  band  of  color  will  be  added  to 
the  preceding — orange,  yellow,  green.  l)1ue,  indigo,  and 
violet,  each  in  its  natural  order,  and  eventually  the  final  stage 
— white  light. 

\\'hile  the  more  refrangible  rays  were  successively  emit- 
ted from  the  wire,  those  previously  generated,  persisted  in 
their  original  wave-lengths,  though  each  increased  in  ampli- 
tude— they  became  more  intense,  the  obscure  radiations 
warmer,  the  visual  ones  more  vivid  in  color.  The  com- 
mingling of  all  the  latter  produced  the  white  light  that  finally 
appeared. 

By  gradually  lessening  the  current,  the  reverse  of  the 

foregoing  takes  place:  violet  first  vanishes,  then  tlie  others 
in  order,  eventually  red,  and  lastly  the  fields  of  heat  and  mag- 
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netism  disappear,  and  the  presence  of  the  wire  becomes 

known  only  as  at  first  by  mere  material  contact. 

24.  Decomposition  of  white  light. —  J  he  converse  of 
the  preceding  experiment — the  analvM.^  of  white  light — will 
now  be  described.  In  ¥\^.  3  let  P  l>e  a  prism  set  up  in  a 
darkened  room,  and  through  a  small  hole  in  the  w^all  at  let 
a  ray  of  sunlight  enter.  If  the  prism  were  not  there,  the  ray 
would  continue  directly  to  /C  as  a  pencil  of  white  light;  but 
.  passing  through  the  prism  (of  different  density  from  the  air) 

z 


Fig.  3. 

the  velocity  is  thereby  changed,  and  the  light  issues  in  a  fan- 
shaped  colored  band,  showing  that  it  was  not  composed  of 
rays  of  one  refrangibility,  but  of  waves  of  varied  length,  each 
variously  retarded  by  the  prism  and  thus  differently  bent  out 
of  the  direct  course.  The  group  of  colored  rays  between  B 
and  C  is  usually  called  the  Solar  Spectrum;  but  the  complete 
spectrum  embraces  also  the  group  of  rays  between  A  and  B 
as  well  as  that  between  C  and  D.  both  obscure,  and  which 
differ,  as  7i'avcs,  from  the  middle  luminous  sheaf,  only  in  that 
the  former  i,M-f)up  consists  of  longer  and  leis  refrangible 
waves,  and  the  latter  of  shorter  and  more  refrangible  ones. 


Digitized  by  Google 


28 


XADIAITT  ENERGY  IN  ETHER  OF  SPACE. 


The  three  groups  produce  different  characteristic  effects. 
Begin  at  X  and  pass  the  bolometer  along  the  line  ABCD  to 
Z,  noting  the  galvanometer  indications  at  regular  short  in- 
tervals— ^these  indications  are  proportionate  to  the  tempera- 
tures. Draw  a  line  A'WCUt  Fig.  4,  three  times  the  length 
of  ABCD  (merely  to  have  a  large  and  clear  6gure)  and  at  A' 
erect  a  perpendicular  to  A*U  proportional  to  the  first  re- 
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Fto.  4. 

corded  temperalure  above  that  of  the  room,  supposed  con- 
stant. Similarly,  draw  lines  at  all  the  intervals  and  make  them 
proportional  to  the  series  of  observed  temperatures.  Con- 
nect the  ends  of  the  lines  and  we  have  the  thermal  curve 
A'MC  enclosing  the  region  of  waves  that  produce  heat 
chiefly.  It  will  be  seen  that  from  to  C  they  are  mingled 
with  the  luminous  waves*  but  that  the  maximum  of  heat  does 
not  come  from  amidst  this  mixture  but  well  below  it,  and 
that»  furthermore,  above  C  heat  waves  are  rare. 

To  determine  the  relative  brightness  of  the  colors,  a  sim* 
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ilar  procedure  is  followed  with  a  photometer,  one  form 
of  which  is  shown  in  Fig.  5.  It  consists  of  a  telescope 
OS  set  at  right  angles  to  a  tube  T\  on  the  tube  a  lamp  L  is 


Fig.  5> 


placed,  which  gives  a  steady  light;  it  is  moveable  in  and  out 

by  a  micrometer  screw  v\  is  a  counterpoise,  and  below  the 
figure  is  a  section  of  everything  with  accented  letters;  a 
small  mirror,  ;i,  is  fixed  at  an  angle  of  45  with  ilit*  axis  of  the 
telescope  to  reflect  light  from  the  lamp  into  the  eye. 

To  make  an  observation,  the  tele>cope  is  directed  to  a 
color  of  the  spectrum  at  a  fixed  distance  from  the  edge  of  the 
prism,  Fig.  3;  the  colored  light  enters  the  eye  directly 
above  the  edge  of  the  mirror,  and  that  from  the  lamp  by  re- 
flection from  the  mirror  which  occupies  the  lower  half  of  the 
telescope;  the  lamp  is  then  moved  by  the  screw,  v,  until  the 
«dge  of  the  mirror,  which  separates  the  two  lights,  no  longer 
appears  as  a  distinct  line,  and  the  intensity  of  both  is  then 
judged  equal.  The  instrument  is  moved  along  the  line, 
ABCD,  of  Fig.  3,  and  a  similar  observation  made  in  each 
color.  The  relative  intensities  of  the  colors  are  inversely  pro- 
portional to  the  scpiares  of  the  several  distances  of  the  lamp 
from  the  mirror,  for  it  had  to  be  moved  in  each  case  to  blend 
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the  color  with  the  light  from  the  lamp,  and  these  distances 
were  given  by  the  micrometer  screw.  Erecting  perpendicu- 
lars along  B'C  proportional  to  these  intensities,  and  con- 
necting their  ends,  we  have  the  curve  B'NC,  to  denote  the 
relative  brightness  of  the  colors;  and  it  will  be*  seen  that  in 
the  yellow  is  the  maximum. 

An  entirely  analogous  method  is  adopted  to  ascertain 
the  chemical  efficacy  of  the  different  rays,  employing  an  in- 
strument shown  in  Fig.  6,  called  an  actinometer.   It  consists 


of  a  glass  troiipfh,  ab.  nearly  full  of  water  slightly  acitlulated 
to  aid  electric  conduction;  two  metal  columns.  /  /',  have  arms 
from  which  hang  two  silver  plates.  /  /'.  dipping  into  the  water; 
the  plates  are  coated  w^th  a  substance  highly  sensitive  to 
chemical  action;  two  wires,  ivzv,  lead  from  the  pillars  to  a 
very  delicate  galvanometer;  three  sides  of  the  trough  are 
opaque,  the  fourth  clear  and  shaded  by  a  screen,  r,  with  a  slit 
s;  the  apparatus  may  be  moved  along  a  graduated  rule,  rr^, 
and  is  used  in  a  darkened  room.  A  ray  of  sunlight  is  ad- 
mitted as  before,  and  passed  through  a  vertical  prism  to 
obtain  a  horizontal  spectrum  for  convenience  of  observation. 
This  spectrum  is  first  shaded  oflF  and  the  actinometer  put  in 
place  so  as  to  be  moved  along  the  line  of  the  spectrum,  RC. 
Fig".  3.  for  instance,  supposed  horizontal,  and  then  bcvond 
the  visible  rays,  along  CD.    The  slit  is  tcuipurarily  covered. 


Fig.  6. 
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To  make  an  observation,  the  screen  is  removed,  the  slit  un- 
covered, and  the  swing  of  the  galvanometer  needle  noted; 
for,  instantly  that  the  rays  of  the  spectrum  coming  from  the 
prism  fall  on  the  exposed  plate,  the  sensitive  film  suffers 
chemical  decomposition,  and  this,  like  the  similar  process  of 
a  zinc-copper  cell,  which  is  also  a  chemical  reaction,  produces 
an  electric  current  that  flows  through  the  wires  to  the  gal- 
vanometer. The  angle  of  deviation  represents  the  efficacy 
of  the  rays  in  the  position  of  the  actinometer,  for  the  strength 
of  the  current  and  consequent  greater  or  less  swing  af  the 
needle  depends  on  the  degree  of  chemical  action  caused  in 
that  part  of  the  film  hy  the  light  failing  upon  it.  The  slit  is 
covered  again,  the  insirument  moved  to  a  new  position,  and 
the  procedure  repeated.  Tlie  several  deviations  and  their 
corresponding  locations  along  the  spectrum  afford  the 
data  for  tracing  the  curve  HOD'  of  the  chemical  rays  in  the 
same  way  that  it  has  been  done  for  the  thermal  and  the 
luminous  rays.  It  will  be  seen  that  while  all  three  groups 
of  rays  overlap  one  another  from  H  to  C,  still  their  maxi- 
mum effects  are  widely  separated,  and  that  that  of  chemical 
action  is  in  the  violet  and  ultra-violet  region. 

By  the  dynamical  theory  of  heat  the  atoms  of  matter 
are  in  a  state  of  vibration,  varying  in  degree  with  its  tem- 
perature and  state,  whether  solid,  liquitl,  or  gaseous;  so  that 
the  molecules  of  the  substance  coating  the  plates  are  con- 
sidered as  being  in  a  vibratory  condilion.  Anions-  the  waves 
of  light  falling  on  the  plate,  there  are  some  which  synchronise 
in  movement  with  the  vibratory  motion  of  the  molecules  of 
the  film,  and  these  receiving  the  impact  of  the  waves,  like 
well-timed  impulses  to  a  swing,  fly  beyond  each  other's  grasp 
and  form  new  combinations:  the  motion  as  light  has  been 
taken  up  by  the  atoms  with  concentrated  intensity  and  the 
result  is  a  chemical  reaction. 

But  this  atomic  rending  and  clashing  are  so  many  jars 
to  the  ether,  and  being  regular  and  rapid,  they  constitute  a 
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new  kind  o!  motion  which  is  passed  on  to  the  galvanometer 
and  moves  its  needle:  this  is  the  electromagnetic  wave — a 
compound  motion  in  the  ether — alternate  stress  and  its  decay 
along  the  wire  and  a  rotary  movement  around  it. 

Thus  the  movement  called  Light  has  been  followed  still 
as  a  movement  of  the  ether  in  two  other  phases— chemical 
action  and  an  electromagnetic  current 

1  lut  relation  between  Heat,  Light,  and  Chemical  Action 
is  evident  fr(;ni  llie  solar  spectrum;  they  arc  all  the  effect  of 
waves  commingled  and  travelhng  together;  tlie  electric  wave 
is  the  direct  offspring  of  chemical  action,  and  wherever  elec- 
tricity i*^  cfMirsing-  in  a  wire,  there  also  is  the  mat^netic  whirl. 

2$.  Ether  waves  and  their  effects  on  matter.— i:ther- 
waves  is  the  name  given  to  the  movements  in  the  ether 
itself.  As  sound  is  a  sensation  of  the  brain  due  to  waves  of 
air  beating  upon  the  ear,  so,  ether-waves  falling  upon  matter, 
produce,  as  it  were,  a  sensation  in  its  molecules;  and  the  re- 
sult takes  the  name  of  Heat,  Light,  Electricity,  Magnetism, 
or  Chemical  Reaction,  chiefly  according  to  the  kind  of  matter 
that  the  waves  fall  upon. 

The  energy  as  a  wave  has  been  spent  as  a  manifestation 
in  matter.  A  motion  in  the  medium — ether-waves;  a  sen- 
sible effect  in  matter — heat,  liij^ht,  electricity,  magnetism,  or 
clieniical  reaction:  this  is  the  condition  as  well  as  the  distinc- 
tion. 

There  are  not  i)articnlar  ether-waves  for  each  class  of 
phenomena — one  set  peculiar  to  heat,  another  to  light,  and 
so  on;  but  the  same  waves  falling  on  one  kind  of  matter  will 
be  dissipated  in  it  as  heat,  falling  on  another  they  become 
manifest  as  light,  while  in  a  third  they  set  up  a  chemical  re-' 
action:  not  that  the  same  train  of  waves  will  produce  all 
these  effects,  nor  some  of  them  equally  well,  for  they  will  not; 
certain  waves  will  be  strong  in  one  effect  and  feeble  in  an- 
other, and  they  will  produce  some  of  the  effects,  and  not 
others. 
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The  Sun's  rays  give  vigor  to  the  trees  of  the  forest:  in 
time,  they  fall  and  form  beds  of  carbon;  this  generates  steam 
which  moves  an  engine  that  actuates  a  dynamo,  giving  glow 
to  an  electric  lamp,  and  thus  the  cycle  of  the  sunbeam  is  a 

return  into  itself — Light!  And  throughout  all  these  trans- 
formalioiis,  motion  of  matter  and  movement  of  ether  may  be 
traced  as  the  actuating  springs. 
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CHAPTER  III. 

« 

WAVE.MOTION  AND  ITS  PHENOMENA. 

Section  One :  Waves  in  I>itferent  States  of  Matter. 

26.  A  physical  wave. — Wave-motion  has  both  a  physi- 
cal and  a  mathematical  representative,  and  each  is  important 
in  the  present  subject;  the  first,  because  by  means  of  it  the 
kinship  of  the  several  forms  of  radiant  energy  will  be  more 
solidly  established  in  Chapter  IV  of  Part  First,  and  the 
second,  because  it  enables  us  to  unravel  the  entanglement  of 
the  subject  proper  of  this  treatise — ^the  Deviations  of  the 
Compass,  and  see  clearly  into  their  import. 

The  physical  aspect  of  wave-motion  will  be  dealt  with  in 
the  present  chapter — its  mathematical,  in  Parts  Fourth  and 
Fifth:  each  is  cnini)lcmcntary  of  the  other,  and  both  fully 
illustrate  the  phenomenon. 

The  typical  wave  is  the  long  swell  of  the  sea  during,  or 
following,  a  gale. 

It  is  of  irre£jiilar  outline,  because  the  force  that  gives  rise 
to  it  is  fitful — the  wind.  And  to  indicate  further  the  variabil- 
ity of  this  cause,  two,  three,  or  more  waves  of  nearly  the 
same  size  succeed  each  other,  and  then  will  follow  a  huge 
one,  evidently  raised  by  a  series  of  heavy  gusts — ^the  varied 
impulses  of  the  air  impressed  upon  the  mobile  features  of  the 
sea:  and  we  shall  find  the  analogue  of  all  this  in  wave-motion 
everywhere,  as  well  as  in  the  deviations  of  the  compass — 
irregularity  of  lin.il  result  due  to  the  superposition  of  several 
causes,  each  symmetrical  in  itself. 

34 
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37*  A  waye  in  Mlid  matter. — ^In  Fig.  abc  repre- 
sents  a  long  rubber  tube  hanging  by  its  upper  end;  on  taking 
hold  of  the  lower  end,  stretching  the  tube  a  little,  and  repeat- 
ing this  act  at  certain  short  regular  intervals,  the  Lube  may  be 


Fio.  7«      Fig.  8.       Fig.  9.    Fig.  10.  Fig.  xz.  Fig.  la.    Fig.  15. 


made  to  swiiij^^  as  a  whole  between  adc  and  ae  c.  It  has  a 
definite  period  of  vibration,  dependent  on  its  length,  weight, 
tension,  and  thickness,  and  the  intervals  of  successive  stretch- 
ing must  be  identical  with  this  period.  While  the  tube  is 
hanging  quiet,  if  it  be  taken  by  the  lower  end  and  quickly 
jerked  aside,  a  hump  will  be  raised  which  will  travel  up  its 
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length  a  little  out  of  the  vertical,  say  on  the  right  side,  and  on 
reaching  the  fixed  point  a,  will  be  reflected  and  travel  down 
on  the  left  side  by  the  same  amount  from  the  vertical  that  it 

had  gone  up:  in  other  words,  the  angfle  of  incidence  and  of  re- 
flection of  the  hump  at  a  are  equal,  and  these  respective  posi- 
tions are  shown  in  Figs.  8  and  9.  The  time  required  for  the 
hump  to  make  the  up  and  down  trip  is  the  ])erio(l  of  vibration 
of  this  particular  tube  as  a  whole,  and  indeed  it  is  the  accumu- 
lation of  such  humps  by  repeated  strelchmg  that  makes  the 
tube  swing  to  and  fro  as  shown  in  Fig.  7.  Now  let  the  time 
necessar}'  for  this  hump  to  pass  from  f  to  a  be  one  second; 
at  the  end  of  half  a  second  it  occupies  the  position  ceb.  Fig. 
JO,  its  foremost  end  having  reached  the  middle  point;  at  the 
end  of  the  full  second,  it  occupies  the  position  bda.  Fig.  11, 
its  foremost  end  having  reached  a,  the  &ced  point  of  the  tube. 
At  this  instant,  when  reflection  begins  at  a,  and  the  pulse 
starts  down  to  form  the  curve  afb^  Fig.  12,  let  another  jerk 
be  ^iven  the  end  c;  the  resulting^  pulse  will  ascend,  and  after 
the  lapse  oi  half  a  second  it  will  furin  ihi-  cm  vu  i  ^  b,  1":^.  12, 
its  foremost  end  meeting  at  b  the  downward  pulse,  then  fully 
formed  in  the  curve  a  f  b,  since  both  pulses  tr.ivelled  in  op- 
])osue  directions  with  the  same  velocity.    Tlie  hump  c  gb  has 
the  impetus  to  go  up,  and  to  do  so,  it  must  draw  the  point  b 
to  the  right ;  the  hump  a  f  b  has  an  equal  impetus  to  come 
down,  and  to  do  so,  it  must  draw  the  point  b  to  the  left:  these 
equal  and  opposite  impulses  render  b  immovable,  so  that  it 
becomes,  as.it  were,  a  fixed  point,  at  which  each  pulse  is  re- 
flected, afb  returning  as  bkot  Fig.  13,  and  c g b     b he  oi 
the  same  figure.  Thus,  the  two  halves  of  the  tube  will  vibrate 
as  if  they  were  entirely  independent  of  each  other,  and  so 
by  the  combination  of  two  moving^  pulses,  the  one  direct  from 
c  and  the  other  reflected  from  a  and  both  meetinq^  at  /?,  we 
produce  two  stationary  waves,  as  shown  in  Fin^.  13.  The 
vibratini^  parts  cgb  and  afb  are  called  ventral  segments, 
and  the  point  of  no  vibration  b  is  called  a  node. 
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If  the  jerks  had  been  so  timed  as  to  cause  the  length  of  the 
hump  to  be  one-third,  one-fourth,  or  any  other  equal  part  of 

the  tube,  there  would  be  along  its  extent  at  the  same  time 
three,  four,  or  a  correspondini^  iiuinber  of  vibrating"  seg- 
ments separated  Ijy  fixed  nodes.  In  Fig.  12  the  whole  con- 
tour ofhgc,  from  a  to  c,  is  called  a  wave;  and  to  form  it,  the 
])articles  of  the  tube  moved  in  succession  to  the  rig^ht  and 
to  the  left,  while  the  direction  in  which  this  motion  (or  the 
wave)  was  propagated,  was  up  and  down;  and  this  cross- 
motion  of  the  particles  is  called  transverse  vibration.  To 
illustrate  it  further,  let  Fig.  14  represent  a  row  of  small  ivory 


A. 

Fio.  is« 


Fio.  16* 


balls  connected  with  any  mechanism,  such  as  the  key-board 
of  a  piano,  that  will  ^ive  them  vertical  motion:  by  running 
the  fnifxcrs  ah)nf^  the  keys  ^\^th  varyinq-  pressure  the  balls 
may  be  successively  raised  and  lowered,  as  in  Fig.  15;  draw- 


38 


WAVE-MOTION  AND  ITS  PHENOMENA. 


iiig  Fig.  1 6  to  follow  this  contour,  we  h?ve  the  wave.  The 
iip-and-ilown  motion  of  the  balls,  that  is,  the  transverse  vibra- 
tion of  the  particles,  is  across  the  direction  in  which  the  wave 
travels,  that  is,  the  movement  of  the  fingers  along  the  keys. 

28.  A  wave  in  liquid  matter. — A  wave  in  water  is  pro- 
duced exactly  like  one  in  the  rubber  tube  ar,  Fig.  12.  Let 
Fig.  17  represent  a  long  narrow  glass  trough  half  filled  with 
water.  By  quickly  tilting  one  end  upward,  the  water  is  given 
an  impulse  that,  like  the  hump  on  the  tube,  is  carried  along 
the  surface  to  the  other  end  where  reflection  takes  place.  By 
continuing  the  tilting  at  suitable  intervals,  two  stationary  un- 
dulations with  a  node  between  may  be  formed;  and  further- 
more, by  shortening  the  interval  of  tilting,  a  succession  of 
furrows  and  ridges,  as  in  Fig.  17,  may  be  produced — an  un- 


FiG.  17. 


dulation  that  will  begin  at  A,  follow  the  line  aaa  to  5,  there 
suffer  rertection,  and  return  along  the  line  bbb\  or,  more 
correctly  speaking,  there  will  be  one  series  of  outward-bound 
pulses  and  another  series  inward-bound,  both  series  originat- 
ing and  ending  at  the  nodal  points  where  refiection  takes 
place.  In  water,  too.  the  vibration  of  the  particle  is  trans- 
verse to  the  line  of  propagation  of  the  wave.  Whoever  has 
seen  the  heavy  seas  roll  in  on  the  coast  of  Patagonia  from 
the  broad  ex|)anse  of  the  Pacific,  must  have  observed  how 
l)laci(lly  the  albatross  rides  them — the  l)ird  is  not  swept  along 
by  their  violence,  but  merely  sinks  from  crest  to  trough  and 
easily  rises  again  as  the  billow  passes  beneath  it.  To  be  sure, 
the  water  has  some  onward  movement  in  these  waves,  but 
l)racticaliy  the  motion  is  one  of  alternate  elevation  and  de- 
pression. 
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39.  A  waye  in  giaseona  matter. — In  atmospheric  waves 
the  i>articles  of  air  vibrate  longitudinally,  or  in  the  direction 
in  which  the  wave  is  travelling.  Let  Fig.  i8  represent  a  tun- 


Fiu.  18. 

ing-fork:  when  set  vibrating,  suppose  the  first  spring  of  the 
prongs  to  be  outward — ^from  each  other;  then  a  thin  slice 
of  air  immediately  outside  prong  B  will  be  compressed,  and 
this  pressure  will  be  communicated  to  the  next  thin  slice, 

whereby  the  first  slice  becomes  rarefied,  and  this  condition 
will  be  further  increased  by  the  pron^  springing  back  toward 
A.  A  second  outward  and  inward  swing  of  the  prong  only 
adds  to  the  effect,  and  continued  vibration  eventually  results 


C  B  A 


Fig.  19. 

in  producing  an  alternation  of  condensation  and  rarefaction 
along  the  line  CD\  the  first  is  shown  by  the  heavy  shading, 
the  second  by  the  faint  lines,  and  as  light  and  shade  merge 
gradually  one  into  another,  the  condition  may  be  represented 

by  a  sinuous  curve,  as  shown;  the  condensations  being  all 
above  a  middle  line,  or  normal  slate  of  the  air.  and  the  rare- 
factions below.  Longitudinal  vibration  finds  its  illustration 
in  the  field  of  waving  grain,  where  the  heads,  as  in  Fig.  19, 
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arc  successively  grouped  closely  together,  or  widely  sepa- 
rated; and  this  condition  is  brought  about  by  the  stalks  mov- 
ing to  and  fro  in  the  line  in  which  the  wave-motion  itself  is 
travelling. 

Section  Two:  The  Genesis  of  a  Wave,  its  SpedficatloiU)  and 

diange  of  Symmetiy. 

30.  Energy  required  to  produce  wave-raotion. — From 
a  center  of  sound,  spherical  waves  spread  out  into  space,  as 
shown  in  Fig.  20,  and  the  wave-front  is  dehned  by  the  con- 


centric shells  of  air  successively  set  in  motion.  Let  a  rubber 
ball  at  c  be  alternately  compressed  and  expanded;  it  will 
correspondingly  rarefy  and  condense  the  air  outside  it,  which, 
condition  is  passed  on  through  the  mass — fainter  and  fainter 
until  the  friction  of  the  particles  has  wasted  the  energy  in  the 
medium  which  was  imparted  to  it  by  the  act  of  squeezing 
the  ball.  Thus  it  requires  energy  to  cause  the  waves — the 
muscular  exertion  of  pressing  the  ball,  just  as  in  the  case  of 
jerking  the  tube — of  tilting  the  trough— of  bending  the  tun- 
ing-fork. And  the  same  is  true  of  waves  of  ether:  energy 
creates  them,  and  on  they  travel,  as  radiant  energy,  until 
spent  by  friction  of  the  medium,  or  decay  in  matter. 


FtG.  so. 
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In  ail  tiiat  precedes,  the  movement  of  the  particle — 
short  excursion  to  and  fro — ^is  one  thing,  and  the  propaga- 
tion of  this  motion  throughout  the  medium  is  quite  another. 
The  first  is  the  condition  of  the  molecule  of  solid  matter  oscil- 
lating under  the  force  of  elasticity,  or  the  drop  of  water  rising 
and  falling  in  the  ripple,  or  the  atom  of  air  approaching  and 
receding  in  the  sound-wave,  or  the  mote  of  ether  vibrating 
in  some  manner;  while  the  second  constitutes  the  velocity 
of  the  resulting  motion  throughout  the  medium:  in  the  case 
of  air,  it  is  the  velocity  of  sound;  in  ether,  that  of  hght;  and 
in  water  it  is  the  speed  with  which  the  ripple  expands  into 
e ver-\v i (1  e n i n circles. 

31.  Exact  specifications  of  a  wave. — Wa\e-niotion  is 
of  universal  occurrence  in  earth,  air,  and  water;  it  is  repre- 
sented by  a  sinuous  curve;  and  as  the  phenomena  of  nature 
are  countless,  so  are  the  curves  that  stand  for  them.  But  all 
waves,  whatever  the  medium  in  which  they  occur,  or  the 
physical  fact  they  typify,  have  three  features,  and  only  three — 
length,  form,  and  amplitude:  these  may  be  varied  singly  or 
together  to  produce  an  endless  variety  of  outline. 

The  complete  oscillation  of  a  particle,  whether  transverse 
or  longitudinal,  is  the  distance  it  covers  from  starting,  to  its 
return  to  the  same  point — the  round  trip;  and  the  time  occu- 
pied in  makinir  it  is  called  the  Period  of  Oscillation:  this 
period  is  also  the  time  that  a  wave  takes  to-  advance  a  dis- 
tance e(|iial  to  its  own  length,  so  that  Wave-length  and 
Period  of  Oscillation  have  come  to  be  regarded  as  synonyms,, 
although  the  only  ground  for  tliis  is  the  fact  that  both  extend 
over  their  respective  spaces  in  the  same  time. 

The  oscillation  of  the  particle  will  be  further  illustrated 
as  follows: 

In  Fig.  21,  let  ^  be  a  pendulum-bob— an  oscillating  par- 
ticle. When  let  go  from  a,  it  will  swing  to  c  and  return  to  a 
again:  this  double  journey  over  the  arc  ac  is  the  OscUlation^ 
and  the  time  required  to  perform  it,  is  the  Period, 
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The  motion  may  be  represented  by  a  wave.  The  vertical 
height  throiigli  which  the  boh  descends  is  ci \  lookin^^  at  it 
from  a  point  r  to  the  right  in  the  plane  ccf,  the  succc^mvc  posi- 
tions of  the  bob  in  its  fail  to  h  will  be  M«equal  for  cq}i(ii  inter- 


^   g  p. 

X-  1 

FlO.  31. 
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r 

Fig.  sa* 


vals  of  time;  this  is  shown  by  dots  in  Fig.  22,  where  the 

height  is  magnified:  they  are  open  out  at  tirsl,  then  crowded 
together.  In  Fig.  23  a'c  corresponds  to  ac  in  Fig.  21;  divide 


1^ 
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it  into  equal  intervals,  i,  2,  3,  etc.,  and  drop  perpendiculars 

from  it  proportional  to  the  vertical  fall  of  the  bob  at  their 
respective  intervals;  each  position  of  a  will  successively  be 
a  \  a"\  etc.,  until  it  reaches  the  lowest  point  6,  when  we  have 
b',  and  then  synnnetrical  positions  on  the  other  side  to  c'  as 
the  l)ol)  rises  to  c.  This  process  repeated  for  the  return  ot  the 
bob  from  c  to  a,  affords  a  similar  series  of  perpendiculars  c' 
to  a".  Joining  the  ends  of  all  these  lines  by  a  curve  it  is  seen 
to  be  a  wave»  and  its  full  length  fronf  a'  to  a"  has  been 
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described  while  the  particle  f  made  the  circuit,  Fig.  21,  from 
-  a  to  c  and  back  to  a.  This  motion  is  typical  of  the  particle 
of  air,  performing  its  little  excursion  while  a  condensation 


 ^ 


6  ^ 

Fig*  d4, 

and  rarefaction  advance  the  distance  of  their  united  length; 
and  of  the  molecule  of  rubber  jerked  to  its  elastic  limit  while 
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the  hump  clinil)S  up  one  round  of  the  tube;  and  in  fact  of 
every  oscillaiini,^  atom  of  matter,  whatever  the  substance. 
Fig.  24  represents  successive  positions  of  a  wave  of  water^ 
each  advanced  ^  of  its  own  length,  so  that  while  (i)  is  the 
wave  when  it  begins  to  move  from  left  to  right,  (9)  is  its  posi- 
tion when  it  has  passed  over  a  distance  equal  to  its  own 
length,  or  the  point  />  of  the  wave,  originally  in  the  vertical 
line  AB,  has  advanced  to  B\  Meanwhile,  the  drop  of  water 
a  has  gradually  risen  to  b  in  (2),  then  to  the  upper  limit  of 
its  oscillation  at  c  in  (3),  next  has  fallen  to  d  in  (4),  then  to  e 
in  (5),  to  f  in  (6),  and  reaches  the  lower  limit  of  its  oscillation 
at  ^  in  (7),  thence  it  ascends  to  h  in  (8),  and  finally  attains  its 
original  level  at  t  in  (9);  thus  havings  completed  one  Oscilla- 
tion— up-down-up — in  the  same  Period  tli  it  il.c  \va\e  ad- 
vanced throuc^h  its  own  Lcn^lii.  These  scleral  positions  of 
the  drop  are  shown  in  Figs.  25  and  26,  where  the  letters  cor- 


respond  with  those  in  Fig.  24.  Successive  drops  go  through 
a  similar  rise  and  fall,  and  thus  the  progress  of  the  wave- 
motion  continues. 

In  Fig.  27  let  HH  be  the  natural  level  of  the  water  when 


smooth:  then  the  Wave-length  is  the  distance  from  the  high- 
est point  of  one  crest  to  that  of  the  next,  as  mm,  or  from  low- 
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Fig.  27. 
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€St  depth  of  one  trough  to  that  of  the  next,  as  //,  or  the  dis- 
tance between  any  other  two  similarly  situated  points;  the 
Amplitude  is  the  extent  of  Oscillation  of  the  particle,  as  oo 
added  to  rr,  which  is  equal  to  kk^  or  the  vertical  distance  be- 
tween f  and  }i  ill  I  il;-^  ^5  and  26. 

32.  Sources  that  change  the  symmetry  of  wave-outline. 
— While  preserving  the  same  amplitude,  ab.  Fig.  28,  the 

Fig.  38. 

length  may  l^e  varied  as  cd,  cf,  gh,  and  tlius  have  long  and 
short  waves:  or.  keeping  the  length  ik  constant.  Fig.  29.  the 
amplitude  may  be  varied  as  /m,  no,  pq  and  so  represent  high 
or  low  waves;  or,  finally  retaining  the  same  length  and  ampli- 
tude for  all,  as  rs  and  tu.  Fig.  30,  the  form  may  be  changed 


Pig.  39.  Fig.  30* 


and  thus  indicate  the  mode  of  oscillation  of  the  [)article.  This 
last  feature  is  shown  by  Figs.  31,  32,  33.  In  these,  the  w  ave  is 
moving  from  left  to  right,  and  the  curved  lines  in  each  figure 
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represent  successive  positions  of  the  front  of  one  ridge;  AB 
is  the  line  of  sea^level  separating  ridges  from  furrows  (latter 
not  shown);  is  a  drop  on  this  level  which  the  forward  point 
of  tht  wave  encounters;  the  wave-point  advances  to  ^  and 

the  drop  is  raised  vertically  to  d} ;  the  wave-point  reaches 

and  the  drop  is  lifted  to  d-\  and  so  on,  as  the  wave  contnuies 
to  advance,  the  droj)  rises,  until  eventually,  when  the  wave- 
point  reaches  c^^ ,  tlie  drop  is  at  its  summit  d^^\  but  the  rate 
of  ascent  or  mode  of  oscillation  in  all  three  forms  of  the  wave 
has  not  been  the  same:  in  Fig.  31,  it  is  rapid  at  first,  then 
steadily  decreases;  in  Fig.  32,  it  is  slow  at  first,  then  rapid» 
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and  again  slow;  while  in  Fig.  33  it  is  very  slow  at  first  and 
verv  rapid  toward  the  end. 

The  length  and  ampUtude  of  the  wave  arc  the  same  in  all 
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three  figures,  so  that  their  different  form  is  due  to  the  manner 
in  which  the  drop  oscillates  between  crest  and  trough. 

The  wave  represented  is  not  symmetrical,  for  in  regular 

waves  the  rate  of  oscillation  of  the  particle  varies  iinifornily 
and  is  inversely  proportional  to  the  corresponding  wave- 
length.  This  will  be  understood  by  Fig.  34,  where  waves  of 
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• 

Fio.  34* 

three  different  lengths  are  drawn;  the  first,  ah,  is  as  long  as 
two  of  the  second,  rr/,  and  three  of  the  third,  ef.  As  previously 
shown,  a  drop  in  ah  makes  one  oscillation  while  the  wave 
advances  its  own  length  XY\  a  drop  vx  cd  makes  one  oscilla- 
tion in  its  own  wave-length,  cd,  or  two  oscillations  in  the  two 
wave-lengths  covering  XY\  and  similarly  a  drop  in  ef  makes 
three  oscillations  in  the  three  wave-lengths  that  equal  XK. 

The  time  that  the  waves  are  passing  over  the  distance  XY 
is  supposed  the  same  for  all;  therefore^  in  this  time,  a  drop  in 
cd  makes  two  oscillations  and  one  in  ef  three,  while  a  drop  in 
ah  makes  but  one,  or  the  rates  of  oscillation  in  ah,  cd,  and  ef, 
are  proportional  to  the  numbers  i,  j,  3 — inversely  as  the 
wave-lengths. 

But  a  drop  of  water  may  receive  the  impulse  of  two  waves 
at  the  same  time,  and  these  waves  may  meet  the  drop  in  divers 
ways,  and  hence  cause  a  resultant  ttnsymmetrical  wave. 
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Consider  four  cases:  in  Fig.  35  a  drop  originally  at  sea- 
level,  a,  has  been  lifted  to  z  by  two  waves,  one  riding  on  the 


Fig.  5$.  Pig.  36. 

crest  of  the  other,  as  it  were;  in  Fig^.  36,  the  drop  has  fallen 
to  y  because  the  second  wave  helped  the  first  to  scooj)  out  a 
deeper  trough;  in  Fig.  37,  the  drop  has  risen  only  to  jr,  for 


Fig.  37.  Fig.  38. 

just  as  a  crest  reached  it,  so  also  did  a  trough — ^both  tugged 
for  mastery— equal  efforts  on  both  sides  were  neutralized,  and 
the  surplus  carried  the  drop  its  way,  the  crest  was  the 
stronger;  similarly,  a  contest  is  represented  in  Fig.  38 — ^the 
trough  is  now  the  stronger,  and  the  drop  is  carried  down  to 
w.  In  the  first  two  cases  the  resultant  effect  is  a  sum,  in  the 
last  two.  a  difference;  and  every  drop  acted  on  by  two  waves 
may  be  treated  on  this  principle  and  the  resultant  wave 
plotted. 

Section  Three  :  Phase  Defined  and  Illustrated. 

33.  Phaae  of  waves. — ^The  joint  action  of  two  waves 
may  be  illustrated  by  two  tuning-forks.  Fig.  39:  if  struck  at 


A 


I 


Fig.  40. 

va  V  c  >  (7^  and  cd,  Fi^;.  40,  start  out 


Fig.  39. 

the  same  time,  two  scries  oi 
together  from  o\  they  are  then  said  to  be  in  the  same  phase. 
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If  Struck  one  after  the  other,  the  two  series  of  waves  are 
.separated  by  a  corresponding  interval;  and  they  are  then 
said  to  be  in  different  phase.  The  curves  abc  and  dcf  illustrate 
ing  three  distinct  differences  of  phase  are  shown  in  Figs.  41, 


Fio.  43. 

42,  and  43;  the  curve  resulting-  from  their  combination,  in 
Ciich  figure,  may  be  drawn  l)y  takin^^  the  alj^a'braic  sum  of 
the  ordinates  on  each  side  of  the  Hne  MX  and  tracing  a  line 
through  the  ends  of  the  residtinij;'  ordi^intes 

34.  Analogy  between  wave-motion  and  that  of  a 
pendulum.  —  The  matter  of  phase  is  of  such  importance  in 
explaining  the  form  of  curves  resulting  from  the  combination 
of  other  curves,  that  it  deserves  further  illustration:  it  will 
help  to  understand  such  odd  contours  as  are  sometimes  found 
in  curves  of  compass  deviations. 

There  is  exact  similitude  between  the  oscillation  of  a  pen- 
-dulum  and  the  progress  of  a  wave  through  water.  Consider 
Figs.  44  and  45  together:  the  pendulum  starts  from  a  stop — 
the  wave  from  sea-level;  one  attains  maximum  velocity — the 
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Other  extreme  height;  both  velocity  and  height  decrease  as 
gradually  as  they  grew,  until^  once  more — for  an  instant — 
the  pendulum  is  at  a  stop  and  the  wave  at  sea-level;  then  the 
former  returns  just  as  it  advanced,  and  the  latter  descends 


into  a  hollow  the  very  cotinterpart  of  its  heig^ht:  the  pendu- 
lum again  comes  to  a  stop  and  so  the  wave  readies  sea-level: 
and  thus,  alternate  motion  and  stop — height  and  level — ^until 
friction  puts  an  end  to  both. 

35.  Varied  compounding  of  two  forces  illustiatiye  of 
phase. — ^In  Fig.  46  let  F  be  a  pendulum  fitted  with  a  cameVs- 
hair  brush  at  and  on  a  horizontal  table  beneath  it,  let  a  board 
(represented  vertically  at  FGHD,  Fig.  47)  be  covered  with 
fine  powder  and  placed  so  as  to  be  swept  by  the  brush. 

When  the  pendulum  is  drawn  to  A  and  let  go»  it  will 
swing  to  an  equal  height  /?.  then  back  to  A,  and  so — to  and 
fro — tracing-  in  tlie  powder  a  str.iiglit  line  a'Cb\  Fig.  47:  it 
has  made  one-quarter  of  an  oscillation  at  c\  one-half  at  h\ 
three-quarters  at  c'  on  return,  and  a  complete  oscillation  on 
reaching^  a'  ag^ain. 

At  C  a  definite  force  is  acting  on  the  penduhun — that  of 
gravity  due  to  the  fall  from  the  height  of  A  to  the  level  of  C; 
let  a  blow  equal  to  the  force  of  gravity  be  given  the  pen- 
dulum at  C  which  would  take  it  to  /<C:  now  there  are  two 
equal  forces  acting  on  the  pendulum — ^that  of  the  blow  which 
may  be  represented  by  CK  and  that  of  momentum,  due  to 
gravity,  Cb'\  both  steadily  decrease  to  zero;  their  resultant 


Fig.  44. 


Fio.  45. 


Digitized  by 


PHASE  DEFINED  AND  ILLUSTRATED, 


is  CD,  and  in  its  direction  the  pendulum  will  swing^  to  D,theii 
back  to  G,  and  so  on  between  these  points.  Were  the  blow 
given  at  C  when  the  pendulum  was  moving  from  h'  towartl  a\ 
the  direction  due  to  gravity  would  become  CV,  which  with 


that  of  the  blow  as  before  CK,  give  a  resultant  Cf,  and  th^ 
pendulum  would  swing  between  F  and  //. 

Had  the  blow  been  given  at  h\  we  would  have  the  two 
forces  represented  by  h'D  and  b'C — the  former,  the  effect  of 
the  blow,  steadily  waning;  the  latter,  due  to  gravity,  as  stead- 
ily increasing,  and  hence  their  resultant  a  constant,  that  is, 
the  radius  of  a  circle,  and  this  circle,  d'^/iT— etc.,  the  pendulum 
would  trace.  And  if  the  blow  were  given  at  a',  nothing  would 
be  changed,  except  that  the  circle  would  be  traced  in  the 
opposite  direction. 

Xow  su])j)Ose  a  blow  were  given,  neither  al  the  ends  nor 
at  the  middle  of  the  arc  AB,  FijSf.  46,  but  at  any  other  point, 
/>',  where  the  j)endulum  had  attained  only  a  part  of  its  fnll 
momentum:  then  two  //;/equal  forces  would  begin  their  in- 
fluence together  and  continue  unequal  throughout,  vary- 
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ing  Oppositely  by  the  same  amount;  either,  alone,  would 
cause  a  straight  line  of  different  length  to  be  traced,  but  both 
combined  find  their  resultant  in  an  ellipse^  of  which  the  lines 
are  the  axes. 

\\  ere  the  blow  given  at  g',  when  the  pendulum  is  moving 
from  b'  toward  C,  the  direction  oi  ilie  axes  would  be 
changed. 

In  all  the  preceding  cases,  the  pendulum  being  supposed 
to  start  from  a',  where  gravity  begins  to  act,  ihc  successive 
points  of  application  of  the  blow  were  but  so  many  differences  in 
phase  between  the  two  motions  caused  by  the  two  forces — 
the  blow  and  gravity;  and  according  to  this  difiference  in 
phase  it  is  seen  that  straight  lines,  circles,  and  elhpses  have 
been  variously  traced  as  the  resultant  path. 

The  movement  of  a  pendulum  under  the  influence  of 
gravity  and  a  physical  impulse — ^a  blow»  is  a  tangible  and 
visible  means  of  illustrating  the  combination  of  two  forces 
acting  at  right  angles  to  each  other;  but  beyond  the  few  cases 
in  which  these  forces  bear  a  s!m])1c  ratio  to  eacli  other — as  of 
equality,  or  as  unity  to  any  niulliplc  of  it — this  method  is  not 
practicable:  there  is,  however,  a  beautiful  nictliod  that  is 
capable  of  indermile  extension  and  variety  of  application, 
which  will  now  be  desciibcd. 

36.  Xissajous'  tuning-forks  in  vibration. — In  Fig.  48,  F 
represents  a  tuning-fork  armed  with  a  pointed  wire  at  one 
prong,  and  P  a  pane  of  smoked  glass:  when  the  fork  is  set 


Fro.  48. 

in  vibration  by  a  tap  and  held  over  the  glass,  as  at  B,  the  wire 
describes  a  straight  line  ss;  but  if  at  the  same  time  the  fork 
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be  given  ntiiform  tnotton  in  the  direction  ol  the  arrow,  the 

^  wire  will  draw^  a  sinuous  curve  mn — a  visible  tracing"  of  the 
vibrations  oi  Lhe  air  that  arc  heard  as  a  musical  note;  it  is 
our  whilom  wave  wliose  crests  and  troug^hs  are  at  first  hipjli 
and  deep.  btTt,  as  friction  wears  out  the  energy  of  the  fork, 
become  less  and  less  so,  until,  at  length,  the  prong  stops  in  a 
point  and  no  sound  strikes  the  ear. 

But  this  vibration  can  be  made  visible  in  another  way. 
In  Fig.  49,  F  and  T  are  two  tuning-forks,  each  having  a  little 
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Fig.  49. 

mirror  attached  to  one  prong  and  a  counterpoise  to  the  other 
prong:  the  forks  being  quiet,  a  ray  of  light  comes  from  the 
lamp  L,  passes  through  the  lens  B,  strikes  the  mirror  on  F^, 
is  reflected  to  that  of  T,  and  thence  to  the  screen     where  it 

ap])ears  as  a  bright  spot  t.  Now  draw  a  violin-bow  across  the 
fork  F,  it  will  vibrate,  and  tlie  ray  striking^  its  mirror,  will 
move  up  and  down;  it  will  be  reflected  by  the  mirror  on  T, 
which  is  at  rest,  on  to  the  screen  y^,  as  a  vertical  line  ss\  re^ 
volve  the  fork  T  slowly,  as  shown  by  the  arrow,  and  the 
reflected  light  will  be  drawn  out  into  the  wave  cd.  Its 
existence  is  evanescent,  however;  the  impression  of  light 
lasts  about  ^/i^  of  a  second,  and  the  wave  appears  and  fades, 
at  this  rate. 
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Let  the  forks  now  be  arranged  as  in  Fig.  50,  fliat  is,  T 
so  as  to  vibrate  in  a  vertical  plane,  and  r'  in  a  horizontal  one: 
either,  alone,  set  in  vibration,  would  trace  a  line  of  light 

parallel  to  its  plane  of  vibration,  and  hence  these  lines  would 
be  at  right  angles  to  each  other.  But  set  both  forks  vibrat- 
ing, and,  as  in  the  case  of  the  pendulum,  the  form  of  the 
resultant  luminous  purve  will  depend  on  the  ditierence  of 


Fig.  5a 


phase  of  the  two  forks  and  the  ratio  of  their  vibrations;  the 
former — ^the  phase— corresponds  to  the  part  pf  the  pendu- 
lum's path  where  the  blow  was  dealt,  and  the  latter — the 
ratio  of  the  vibrations  of  the  two  forks — corresponds  to  the 

relative  strength  of  the  blow  and  gravity.  The  two  forks  in 
llie  figure  liaj)pcn  to  have  the  same  tone,  and  the  second 
struck  into  the  motion  of  the  first  when  the  latter  was  at  the 
limit  of  its  swing — at  a  stop,  in  fact,  for  an  instant,  and  about 
to  turn  ])ack.  This  case  is  therefore  analogous  to  the  one 
where  the  blow  equal  to  the  force  of  gravity  was  given  the 
pendulum  at  the  extremity  //  of  its  arc,  the  resultant  was  a 
circle  there^  and  so  it  is  here.  The  phase  there  was  the  same 
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as  the  phase  here — ^the  forces  there  equal  and  at  right  angles 
\p  each  other,  as  are  the  vibrations  here — and  the  result  is 
hence  identical — a  circle. 

If  the  difference  of  phase  be  suitably  varied  we  obtain 
straight  lines,  circles,  and  ellipses  as  shown  in  Fig.  51,  top 
row. 

It  is  evident  that  tuning-forks  can  l)c  i)rocnred  of  everv 
tlesircMl  tone,  and  hence  that  any  rc(iuisitc  ratio  of  vil)rations 
of  one  fork  to  the  other  can  be  combined  as  in  Fig.  50;  the 
relative  forces  at  right  angles  to  each  other  (using  the  an- 
alogy of  the  pendulum)  may  thus  be  varied  at  pleasure,  and 
'  this  variety  may  1>e  extended  by  continual  change  of  phase 
in  each  ratio,  so  that  the  combinations  become  endless. 

Some  examples  of  resultant  curves  are  shown  in  Fig.  51: 
the  left-hand  vertical  row  exhibits  the  curves  for  different 
ratios  of  vibration,  as  i  to  i;  i  to  2;  i  to  3;  2  to  3;  etc., 
both  forks  beginning  together  or  without  difference  of  phase: 
the  horizontal  row  of  each  set  shows  how  the  primary  curve 
varies  when  diflerent  |)liases  are  introdnced. 

37.  Contrast  of  compass  deviations  with  curves  pro- 
duced by  two  tuning-forks  vibrating  at  right  angles 
to  each  other. — The  combination  of  sei)arate  curves  is  the 
converse  of  the  procedure  in  Part  !■  liih  of  tliis  Treatise:  there, 
the  resultant  curve  is  given,  to  be  resolved  into  components; 
these  arise  from  the  individual  action  of  various  magnetic 
bodies  on  the  compass,  and  the  intensity  of  this  action  may 
bear  (for  one  body  to  another)  any  ratio,  just  as  has  been  seen 
may  exist  for  a  series  of  tuning-forks;  and  it  will  be  found 
that  phase  also  has  its  analogue  in  the  magnetic  case,  for 
different  magnetic  bodies  begin  their  action  at  various  points 
of  the  compass  courses. 

38.  Cobicidence  and  opposition  of  phase. — Recurring^ 
to  Fig.  49,  it  is  seen  that  both  forks  are  placed  so  as  to  vi- 
l)rate  in  the  same  plane:  Suppose  them  tuned  to  j)erfect 
unison;  then  if  both  begin  vibrating  at  the  same  instant  in 
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the  same  direction,  or  have  identical  |)hase,  the  vertical  Hne 
of  light  described  Ijy  will  l)c  elongated  by  T,  and  the  note 
that  strikes  the  ear  will  be  louder:  but  if  the  impulse  of  one 
fork  forward  be  met  by  that  of  the  other  backward,  then  the 
hne  of  light  will  be  dimmed  and  the  sound  hushed.  In  the 
first  case,  or  coincidence  of  phase,  every  particle  of  air  and 
ether  between  the  two  forks  that  was  set  in  motion  by  one 
fork,  had  this  motion  increased  by  the  other  fork;  in  the 
second  case,  or  opposition  of  phase,  the  particles  of  air  and 
ether  were  simultaneously  urged  in  opposite  directions  by 
equal  impulses,  hence  no  motion,  and  consequently,  neither 
sound  nor  light. 

Now  briner  the  forks  to  rest,  and  destroy  their  unison  by 
placini;^  a  weight  on  the  prong  of  one  of  them.  Ap^ain  set 
them  in  vibration  together — their  coincidence  of  phase  will 
speedily  he  broken — the  vibrations  of  one  fork  will  alter- 
nately gain  ^nd  slacken  upon  the  other  with  recurrences  of 
coincidence  between:  these  are  the  beats  "  of  music — 
where  the  sound  is  reinforced,  and  the  light,  too,  for  upon 
looking  at  the  curve  on  the  screen  P,  it  will  be  seen  to  be 
drawn  out  in  long  loops  simultaneously  with  the  beats  reach- 
ing the  ear,  while  the  subsidence  of  sound  corresponds  to  the 
contractions  of  the  luminous  curve.  (See  Fig.  52.) 

Fig.  5S. 

Thus  by  alternations  of  sound  and  silence  coincidently 
with  light  and  darkness,  it  is  proved  that  there  is  interfer- 
ence of  waves  at  the  same  instant  in  the  same  place  in  two 
distinct  media — air,  and  some  other,  called  ether:  the  air 

we  know  exists — is  the  ether  less  a  reality? 
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Section  Four :  The  Inletferaice  of  Wayes. 

39.  Phenomena  that  waves  may  experience. — Waves 
undergo  letlexion  and  refraction;  thoy  may  be  brought  to 
a  focus  or  absoriied  by  vibrating  bodies;  also,  they  are  sus- 
ceptible to  diffraction,  polarization,  and  double-refraction. 
Some  of  these  phenomena  are  not  exclusively  characteristic 
of  wave-motion,  for  reflexion  may  occur  equally  well  to 
bodies  moving  of  themselves,  like  a  billiard-ball:  but  there 
is  one  feature  of  wave-motion  that  is  distinctively  its  own — 
interference;  and  as  it  is  of  fundamental  importance  in  weld- 
ing together  the  links  that  constitute  radiant  energy,  it  will 
be  specially  treated  here.  The  other  features  of  wave-mo- 
tion will  be  explained  in  Chapter  IV. 

The  interference  of  waves  has  already  been  illustrated  in 
this  chapter;  for  every  difference  of  phase  that  [las  been  ex- 
plained, was  but  a  case  of  interference:  the  instances  here 
acl(hiced  will  therefore  serve  chieHy  to  present  the  matter  in 
bold  relief. 

A  wave  may  furrow  the  surface  of  a  billow,  and  a  ripple 
creep  up  the  back  of  a  wave;  the  liquid  and  gaseous  sub- 
stances of  nature  are  subject  to  all  such  movements,  and  of 
every  degree — crest  and  trough  meeting  variously  and  con- 
tributing to  the  final  form  of  the  undulation. 

40.  interference  in  waves  of  air. — Let  Fig.  53  repre- 
sent two  tuning-forks  of  the  same  tone:  if  one,  F,  be  set  in 
vibration,  it  will  throw  the  air  into  a  succession  of  dense  and 
rare  strata  along  the  line  FC — ^waves  that  will  convey  to  the 
ear  a  note  of  definite  pitch.  If  the  second  fork.  / ,  Ite  placed 
at  tlic  distance  of  one  wavc-Icngth,  from  F,  and  made  to 
vil)ratc  at  the  same  rate,  its  impulses  will  be  in  nnison  with 
the  fn'st.  and  will  force  the  particles  of  air  into  cioser  contact 
where  they  are  densely  grouped,  and  sei)arate  them  more 
where  spread  out — the  sound  will  have  clearer  definition. 
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And  if  T  be  moved  two,  three,  or  any  other  whole  number 
of  wave-lengths  from  the  tirst  fork,  its  vibrations  will  still  be 
in  accord  with'/-  and  augment  its  sound,  though  less  and  less 
at  each  remove. 

Now,  with  the  distance  between    and  T  one  wave-length, 
let  T  be  slowly  moved  toward  F — the  source  of  energy  is 
h 


Fig.  53. 

thus  intensified,  but  is  the  sound  increased?  Not  at  all:  the 

air-particles  which  had  been  sent  by  F  to  the  ri^ht,  have  com- 
pleted the  outward  jiassage  and  are  on  the  return  irij)  when 
met  by  the  imf)ulse  from  T ,  and  are  either  stunned  into  im- 
mobility or  turned  back  again — their  note  is  stitled  ere  reach- 
ing its  full  volume;  and  this  choking  will  continue  with 
ever  fainter  pitch,  until  T  rc:iches  the  point  hg^  exactly  half 
a  wave-length  from     when  all  sound  ceases. 

The  forks  began  in  perfect  unison  at  the  distance  apart 
of  one  wave-length;  as  the  distance  shortened,  discord  be- 
gan— every  atom  of  air  thrust  in  one  direction  by  F  was 
thrust  back  by  T — ^feebly  at  first,  but  with  increasing  strength 
as  the  space  lessened,  until  finally  the  buffetings  became  equal 


,1'  ' 
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Fig.  54< 

and  the  air  moved  neither  one  way  nor  the  other,  but  re- 
mained quiescent,  as  shown  in  Fig.  54,  by  the  uniform  spac- 
ing of  the  lines.  Now,  each  approach  of  T  toward  F  Was  a 
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Step  of  interference — ^partial  interference,  growing  more  and 
more,  until  T  reached  the  point  hg^  when  it  was  complete 
interference,  or  opposition,  producing  silence* 

And  at  every  half  wave-length,  or  any  odd  number  of 
half  wave-lengtlis  of  T  from  F,  there  will  be  similar  opposi- 
tion and  silence. 

41.  Interference  in  waves  of  water.— Let  two  lari;e 
stones  be  clru})ped  iulo  the  water  of  a  placid  lake  a  few  yards 
apart:  they  will  .q^ive  rise  tu  two  scries  of  undulations  that 
expand  into  wifleiiini;  circles.  The  tlisiarice  of  the  centers  of 
disturbance  from  each  other  may  be  supposed  an  exact  num- 
ber of  wave-lengths  of  the  kind  caused  by  the  stones,  both 
the  wave-length  and  the  amplitude  being  considered  the 
same  for  both  series.   This  condition  is  shown  in  Fig,  55, 


Fig.  55. 


where  the  line  aaa  represents  one  series  of  waves  and  the 
line  hhh  tlie  other:  when  they  meet,  as  at  the  crests  will 
coincide,  and  su  will  the  troughs,  auil  e\ery  dro])  of  water 
thus  subject  to  the  doiilile  impulse  u])war(l,  as  at  d,  will  lie 
raised  to  (/';  or  to  the  doul)le  impulse  downward,  as  at  r.  will 
be  depressed  to  e\  and  thus  the  resulting  wave  from  coin- 
cidence of  ridge  and  furrow  throughout,  will  be  zzc — higher 
elevations  and  deeper  depressions  than  those  of  either  series. 

Now,  let  the  distance  apart  of  the  centers  of  disturbance  be 
shortened  by  one-eighth  of  a  wave-length,  as  xx.  Fig.  56:  this 
difference  of  phase  separates  the  two  series  of  waves,  aa  and 
bhf  and  the  combined  impulses  on  the  successive  drops  will 
produce  the  resultant  wave  sss,  A  shortening  of  the  distance 
by  one-quarter  of  a  wave-length.  Fig.  57.  only  separates  the 
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primary  waves  more — slides  the  wave  hhh  bodily,  as  it  were, 
from  left  to  rii^ht.  and  also  the  resultant  curve,  with  the 
action  on  tlic  differenily  located  drops  as  indicated  by  the 
little  arrow-heads.  If  the  distance  be  shortened  by  one-half 
of  a  wave-length,  as  xx\  Fig.  38,  then  a  crest  of  the  second 


Fig.  s6. 
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Fig.  58. 


series  of  waves  meets  every  drop  on  the  level  line  at  the  same 
instant  that  a  trough  of  the  first  series  reaches  it — there  is 
equal  and  opposite  contention,  and  this  overlaps  throughout, 
so  that  no  drop  moves  from  its  state  of  rest. 

Thus,  in  Fig.  56  there  was  interference  of  one-eighth 
wave-length:  in  Fig.  57,  one-quarter;  and  as  the  difference 
of  wave-length  apart  shortened,  so  the  interference  became 
greater,  until  finally,  in  Fij^.  58,  it  is  complete,  or  opposition, 
producing  smoothness  in  the  water,  just  as  it  did  silence  in 
the  air.  A  further  lessenin«;  of  the  distance  apart,  or,  which 
is  the  same  thinj^.  increasing^  the  interference  bcvond  one- 
half  wave-lenij-th,  to  five-ei,Grbtlis,  thrce-qnarters.  seven- 
cij^htlis.  etc..  would  only  re|>roduce  in  rc\crsc  nrdt-r  all  the 
degrees  of  interference  preceding  that  of  the  half-wave. 
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I  HE  DISTINCTIVE  FEATURES  OF  WAVE-MOTION  CHAR- 
ACTERIZE ALL  PHASES  OF  RADIANT  ENERGY. 

SecttaOne:  Interference  of  Warn* 

43.  The  plan  of  this  diapter. — It  is  to  show  that  the 
|)ariiciil.ir  phase  of  electromagnetic  pheiiunieiKt  with  which 
lliis  Treatise  is  concerned,  namely,  that  which  gives  rise  to 
tlie  Deviations  of  the  ("ompass,  is  due  to  waves  in  the  ether; 
hut  this  medium  beini^  yet  tinq^ed  with  the  donht  of  hy- 
pothesis, all  motion  in  it  is  a  matter  ol  inference  rather  than 
of  positive  proof. 

The  point  sought  must  be  approached  indirectly — first  by 
familiar  paths,  then  over  less  frequented  }?round,  and  finally 
through  a  region  that  is  little  known  except  to  those  en- 
gaged in  exploring  it 

Common  occurrences  in  air  and  water  will  be  shown  to 
have  their  counterpart  in  the  phenomena  of  heat,  light,  and 
chemical  action;  and  these  in  turn  will  lead  into  the  jungle 
of  electromagnetic  manifestations:  thus,  from  tlie  \isihle, 
tangible,  antl  audible,  the  nature  of  the  hidden  and  impalpable 
will  be  inferred. 

Tn  art.  41.  it  was  shown  how  waves  of  water  niii^-ht  either 
reinforce  each  other  t«i  any  deq-ree,  or  completely  destroy 
one  another;  and  in  art.  40.  ilie  lulling  and  swelling  of  sound 
from  two  tuning-forks  illustrated  how  we  could  both  sec  and 
hear  what  was  going  on:  in  the  former  case,  the  medium-^ 
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water — ^was  a  material  substance,  apparent  to  both  sight  and 
touch;  in  the  latter,  the  medium — air — ^was  apparent  to 
neither  of  these  senses,  but  other  proofs  abound  of  its  ex- 
istence. 

In  both  media,  when  complete  interference  occurred,  with 

silence  in  air  and  smoothness  in  water,  if  one  of  the  sources 
of  (listurl)ance  were  removed,  there  would  immediately  recur 
sound  in  the  air  and  waves  in  the  water:  if  the  original  dual 
source  of  disturbance  were  restored,  it  would  also  restore 
quiet  to  the  air  and  water,  and  these  alternations  of  condi- 
tion might  be  repeated  at  pleasure. 

If  now,  where  neither  air  nor  water  exists,  nor  any  other 
medium  whose  reality  can  be  absolutely  established,  we  find 
this  phenomenon  of  interference  in  full  gprowth  and  form,  it 
is  fair  to  infer  that  waves  are  there  to  produce  it;  for  inter- 
ference IS  A  PECULIARITY  OF  WAVE-MOTION.    But  waveS  of 

what?  Surely,  not  of  utter  vacuity!  Hence  the  ether. 

43.  Sound  waves. — ^The  alternation  of  silence  with 

sound,  as  waves  of  air  interfere  or  not,  is  so  important 

as  typical  of  interference  in  general  that  it  will  he  illustrated 
by  another  method.    Fig.  59  represents  a  speaking-tube 


Fig.  59. 

with  openinj::^s  at  a  and  and  two  branches  hh  and  dc, 
the  latter  capable  of  sliding  in  and  out.  to  vary  the  dis- 
tance the  waves  of  air  will  have  to  travel  in  it.    When  both 
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branches  are  of  equal  length,  and  a  tuninp:-fork  in  vibration  is 
placed  at  a,  its  note  will  be  heard  at  g  in  full  volume;  but  if 
the  branch  de  is  drawn  out  so  as  to  make  a  difference  of 
one-kalf  wave-length  between  it  and  then  the  note  will  be 
smothered:  the  waves  in  the  two  branches  completely  inter- 
fere at  their  juncture  k,  and  silence  is  the  result.  If  the 
branch  de  is  drawn  out  until  the  difference  in  leiiicili  between 
it  and  bli  is  one  \va\ e-length,  tlic  note  will  aj^ain  he  heard; 
and  thus  at  every  dillcrcncc  of  an  odd  number  of  half  wave- 
lengtlis — silence,  and  at  every  even  number  of  half  wave- 
lengths— sound. 

44.  Light  waves. — To  he  exact,  the  title  of  this  article 
should  be  "  Waves  that  produce  Light."  and  similarly  for  the 
other  articles  on  interference;  but  the  heading  used,  is  pre- 
ferred for  brevity. 

Now,  we  enter  the  domain  of  radiant  energy,  and  the 
phenomena  to  be  described  will  take  place  as  well  in  a  room 
void  of  air  as  in  one  filled  with  it  at  the  normal  pressure. 

In  Fig.  60  let  x  and  y  represent  two  small  round  holes, 
one  close  above  the  other  in  the  wall  of  a  room,  by  which 
sunlight  is  admitted.  Everything  in  this  and  Figs.  61  to  66 
is  greatly  enlarged  for  clearness. 

The  holes  are  closed  with  red  glass  so  that  only  red  rays 
can  enter;  these  spread  out  in  two  conical  f>cncils  of  light, 
of  which  f.iv  and  rye  are  vertical  sections,  and  they  overlap 
throughout  the  space  nr. 

PG  is  the  edge  of  a  screen  upon  which  the  pencils  of  light 
fall,  and  Fig.  6i  presents  a  full-face  view  of  this  screen  as  it 
would  appear  from  si  it  is  seen  that  horizontal  bars  of  red 
and  black  (represented  by  light  and  heavy  shading)  alternate 
regularly  with  each  other  in  the  space  covered  by  both  pen- 
cils: that  the  red  bands  exist,  is  most  natural,  for  only  red 
rays  enter  the  room,  but  that  these  become  extinct  in  sym- 
metrically black  spaces  is  matter  for  exjjlanation. 

The  line  zA  in  Figs.  60  and  64  is  perpendicular  to  the 
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lines  xy  and  cc,  ami  the  point  z  is  midway  between  x  and  3*. 
Fig.  64  is  merely  a  portion  of  Fig.  60,  in  which  the  halves  of 
two  red  bands  enclose  a  whole  black  one,  as  shown  in  Fig.  65. 
The  point  A  being  equally  distant  from  x  and  y,  the  rays 
meeting  there  doubly  illumine  it;  but  the  moment  we  pro- 
ceed from  A  toward     the  distance  Ay  lengthens  and  Ax 

OUTUNE  OF  ItOOM  ,  
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G 


Fig.  60.  Fio.  62.   Fio.  6s.   Fig.  65 


Fig  64.  Fig.  65.    Fic.  66. 


shortens,  with  a  corresponding-  fading  of  the  red  luiiil  ii 
merges  into  an  ashen  hue  that  deepens  and  becomes  black 
at  o\  this  again  shades  off,  blends  into  a  reddish  tint  which 
brightens  to  full  color  at  h.  Now  let  us  consider  that  the 
pencils  of  light  entering  the  room  are  due  to  waves  of  a 
gaseous  medium:  at  A  two  separate  trains  of  these  waves 
from  X  and  y  meet  in  the  same  phase,  because  the  distance 
of  A  from  their  origin  is  the  same;  from  A  upward  they  get 
out  of  step  at  once — ^begin  to  interfere  with  each  other — 
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because  the  distance  each  train  of  waves  has  to  come,  differs 
more  and  more  from  the  other;  hence  the  fading  of  the  red 
and  growing  of  the  black;  at  o  the  difference  in  distance 
amounts  to  one-half  a  wave-lenii^tli,  therefore  there  is  com- 
plete interference— extinction  of  all  light;  continuing  toward 
the  difference  in  path  of  the  two  trains  of  waves  approaches 
more  and  more  to  one  whole  wave-length — the  black  lessens 
in  tint,  the  red  reappears  and  attains  full  brilliancy  at  6»  where 
the  difference  in  phase  is  an  exact  wave-length.  And  thus^ 
upward  and  downward,  at  every  point,  o,  /,  />,  where  there 
IS  a  difference  of  path  of  an  odd  nnml)er  of  half  wave-leng^ths, 
there  is  darkness,  and  at  every  point,  h,  r,  d,  c,  wliere  this 
difference  is  an  c:cn  number  of  halt  w ave-lenijfths,  there  is 
Hght.  Regarding  tlic  hriLihtest  points  as  siunmits,  and  the 
darkest  ones  as  deptlis.  and  drawing  a  curve  to  represent  the 
successive  shading  of  one  color  into  the  other,  we  have  a 
wavy  outline,  as  in  Fig.  62.  If  a  piece  of  wood  be  placed 
over  either  hole,  x  or  y,  so  as  to  prevent  light  entering  it»  all 
the  alternations  of  red  and  black  disappear,  and  one  uniform 
tint — red— overspreads  the  screen  from  c  to  e,  as  shown  in 
Fig.  63,  by  the  equal  spacing  of  the  lines.  Remove  the  wood, 
and  tht  series  of  red  and  black  bands  return,  and  these  con- 
ditions can  be  repeated  at  will:  it  is  the  analogue  of  the 
smooth  water  and  silent  air  alternaiing  with  ridges  and  fur- 
rows in  lioih  media,  according  as  one  or  two  sources  of  dis- 
turhance  were  in  operation.  Tluis  wave-motion  completely 
cxjilains  the  dark  bands,  and  no  other  hxl^otlicsts  will  do  it: 
therefore  light  is  due  to  wave-motion,  and  therefore  also 
these  waves  must  have  a  medium  for  their  existence;  for  an 
absolute  vacuum  is  incapable  of  transmitting  this  motion. 

If  the  holes  x  and  y  were  covered  with  any  other  colored 
glass— orange,  green,  blue— there  would  still  be  black  bands 
alternating  with  others  of  the  color  used,  the  only  difference 
being  in  the  width  of  the  bands — it  would  be  less  and  less  as 
colors  approaching  the  violet  were  employed. 
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45.  Chemical  waves. — ^With  only  violet  rays  entering:, 
let  the  screen  be  replaced  by  a  plate  coated  with  chloride  of 
silver,  and  it  will  be  found  that  the  bands  are  photographed 
upon  it — the  chemical  waves  entering  with  the  violet  light 
interfere,  just  as  the  luminous  waves  do,  and  leave  their  im- 
press where  free  to  act,  as  well  as  fail  of  effect  by  reason  of 
complete  interference. 

46.  HMt  waves. — Referrinje:  again  to  Fig.  60,  remove 
the  colored  sliadcs  from  ihc  holca  .r  and  y,  and  place  inside 
tiiem  a  thin  rectanjE^iilar  glass  trough,  so  as  to  cover  them; 
fill  the  trouL;Ii  with  l)isiilj)hide  of  carbon,  and  all  the  radia- 
tions from  the  sun  will  enter  the  room,  unobstructed  hy  either 
the  trough  or  its  transparent  contents:  but  drop  into  the 
liquid  a  few  crystals  of  iodine,  and  at  once  all  the  luminous 
beam  disappears^-cut  out,  as  if  by  a  sharp  instrument;  the 
thermal  rays  remain,  however,  unimpaired,  and  in  waves  of 
radiant  heat  stream  into  the  room  in  cones  that  overlap  and 
fall  upon  the  screen  in  bands  of  alternate  cold  and  warmth. 

These  interference  bands,  however,  cannot  be  seen,  but 
their  existence  has  been  proved  by  observations  with  a  very 
delicate  thermometer  or  Imlonieter  in  every  part  of  tlie  space 
covered  by  the  thermal  radiations. 

When  the  mingled  waves  of  wiiile  light  interfere  side  by 
side,  as  they  do  in  the  iliin  but  varying  walls  of  a  soap- 
bubble,  we  merely  have  at  one  view  in  that  evanescent  him 
what  is  obtained  singly  by  using  different  colored  glasses  to 
vary  the  hue  of  the  rays  entering  the  room. 

Thus  it  has  been  shown  that  interference  of  water  waves 
produces  smoothness;  of  air  waves,  silence;  of  luminous 
beams,  darkness;  of  thermal  radiations,  coldness;  and  of 
actinic  rays,  inaction;  and  so  the  nature  of  heat,  light,  and 
chemism  is,  by  analogy,  inferred  from  their  behavior — ^that 
they  are  the  result  of  waves  in  some  medium. 

47.  Electromagnetic  waves.— Later,  evidence  will  be 
adduced  tending  to  establish  the  fact  that  an  electromagnetic 
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movement,  produced  artificially,  is  but  an  chMi^Mted  lii;ht 
wave — that  if  it  could  be  shortened  to  molecular  size  and 
produced  with  sufficient  rapidity,  it  would  affect  the  eye  as 
light,  and  hence  that  both  these  phenomena  are  motions  of 
the  same  medium. 

The  name  "  electromagnetic  "  implies  a  compound  nature 
for  the  wave,  and  it  is  so  in  fact. 

Whenever  an  electric  stress  in  the  ether  is  changing,  there 
surrounds  it  another  movement — a  rotary  motion  of  the 
ciher:  the  electric  current  is  bui  a  mere  filament  of  chanp^in^ 
Stress  encased  by  circles  of  mai^ucLiC  rotation.  How  such  a 
<lual  motion  can  exist,  may  be  inferred  from  a  violent  ajj^ita- 
tion  of  the  air  that  is  of  frequent  occurrence:  consider  the 
cyclone — it  is  a  whirling  body  of  air  that  reaches  from  the 
Earth  upward;  it  does  not  attain  full  height  at  once,  but 
first  the  air  in  one  stratum  begins  revolving,  then  in  another, 
then  in  still  more  in  quick  succession,  until  it  develops  into 
a  towering  column  of  spiral  whirls  swaying  through  space 
along  a  welNdetermined  track,  and  expanding  more  and  more 
as  it  progresses.  Now  the  growth  of  this  column  from  disc 
to  disc  may  symbolize  the  propagation  of  electric  stress  that 
constitutes  a  current — a  series  of  tense  and  lax  conditions  of 
the  ether  succeeding  each  other  along  a  wire;  the  enlarge- 
ment of  ihc  column  as  it  atKrinces  on  its  path,  like  ripples 
from  a  center,  may  typify  the  spread  of  induction  outward 
from  tile  wire;  and  the  rotary  motion  may  represent  the 
magnetic  whirl — only,  with  this  dilTerence:  that  while  the 
*  particles  of  air  are  driving  bodily  round  the  storm's  center 
in  si)iral  curves,  the  atoms  of  ether  must  be  considered  as  so 
many  beads  strung  along  a  common  axis  parallel  to  the  wire, 
and  all  spinning  round  this  axis.  The  wire  would  then  be 
the  visible  core  of  a  bundle  of  imaginary  threads  all  parallel 
to  it,  each  filled  with  atoms,  and  all  on  the  same  thread  rotat- 
ing  upon  it  as  an  axis. 

As  the  current  increases,  more  threads  arise  out  of  the 
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quiescent  ctlier — the  string  becomes  a  rope,  the  rope  a  cable, 
and  the  intluction  expands. 

As  the  current  weakens,  the  outer  threads  collapse  and 
with  thcni  the  magnetic  held  disappears.  But  all  this  is 
merely  to  afford  a  mental  picture  of  what  an  electromagnetic 
wa\  c  may  be,  not  actually  is. 

The  conception  may  be  illustrated  by  Fig.  67:  in  (i)  is 
represented  the  flow  of  an  electric  current  with  beads  of 


(2) 

(1)  (3)  (4) 


Fig.  67. 


ether  strung  along  it — ^all  whirling;  in  (2)  the  current  has 
grown  in  intensity,  and  parallel  to  it  have  arisen  a  number 
of  imaginary'  axes  each  with  its  whirling  particles — ^the  mag- 
netic field;  the  exterior  boundary  of  this  has  the  semblance  of 
a  continuous  flow,  as  shown  at  F.  In  (3)  we  have  an  exag- 
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gerated  view  of  (i):  as  the  electric  stress  passes  from  point 

to  point  of  the  medium,  it  gives  rise  to  the  successive  discs  of 

rotation  called  magnetic,  and  thus  the  two  motions  proceed 
onward — yoked  toj^cilicr.  I'etwccn  every  two  sections  of 
stress  lucre  must  he  a  lax  coiiditiuii;  if  wo  call  one  a  crest 
and  the  other  a  trongh,  and  join  them  along  thtir  course  hy 
a  curve,  it  will  come  out  the  familiar  wavy  line,  since  stress 
and  laxity  pass  gradually  one  into  the  other;  this  is  the 
electric  undulation.  in  (4):  concurrently  with  this 

must  arise  a  variability  in  the  field  at  right  angles;  this  is 
the  magnetic  undulation  M'"N'"  in  (4);  and  both  together 
form  the  electromagnetic  wave. 

If  the  conduit  E'F*  of  (3)  were  bent  into  a  closed  circuit, 
it  would  make  a  vortex  ring,  as  in  (5),  whose  importance  will 
be  seen  later  in  this  work. 

The  characteristics  of  the  cyclone  have  been  ascertained 
by  observations  at  various  points  of  the  area  covered  by  it; 
and  both  the  existence  and  pectdiarities  of  electromagnetic 
waves  have  l)een  determined  in  the  same  way — exjjloring  the 
region  of  their  intluence  with  suitable  instruments.  The 
cyclone  we  find  reatly-made.  but  the  electromagnetic  wave 
we  must  make  to  order;  and  the  process  of  doing  this  will 
now  be  described  as  well  as  the  means  of  investigating  it. 


Fig.  68. 


Tn  Fig.  68  let  T  be  a  tuning-fork  whose  prongs  are  in 
vibration  between  the  dotted  lines:  from  them  emanate  a 
series  of  compressions  and  rarefactions  of  the  air;  represent 
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the  density  of  the  one  by  ordinates  above  a  horizontal  line 
LV  and  the  tenuity  of  the  other  by  ordinates  below  this  line, 
and  draw  a  curve  through  the  ends  of  both  sets  of  ordinates; 
we  thus  have  the  figured  wave  beneath  the  pictured  condi- 
tion of  the  air.  This  agitation  fades  into  stiUness  at  a  short 
distance  from  the  fork. 

Now  suppose  a  wall,  W,  Fig.  O9,  to  rise  at  «:  the  ad- 


Fio.  69. 


vancing  particles  of  air  will  be  reflected  at  n  and  turned  back 
as  represented  l)y  tlic  clotted  line  c\  the  prong  h  was  swing- 
ing to  the  right  and  readied  its  limit  h'  at  the  same  instant 
that  the  air-compression  denoted  by  C  reached  the  wall:  then 
the  reflection  of  the  air  coincided  in  direction  with  the  re- 
turn swing  of  the  prong  to  h" . 

The  figured  part  Lcne  is  the  half  ol  a  standing  wave — the 
direct  sound  and  its  echo;  and  the  distance  between  the  fork 
and  the  wall  W  erected  at  n"  represents  six  such  halves,  or 
three  whole  waves.  Successive  regular  vibrations  of  the 
prong  send  out  waves  which  are  as  regularly  reflected  at  the 
wall  and  thus  the  motion  of  the  prong  right  and  left  coincides 
with  the  motion  of  the  air  direct  and  reflected,  and  there  is 
increased  sound  at  the  loops  an<l  almost  silence  at  the  nodes. 

If  we  knew  nothing  of  the  condition  of  the  air  l)et\veen 
the  fork  and  the  wall,  and  were  to  start  at  the  latter  with 
another  tuning-fork,  the  twin  of  T,  in  vibration,  as  we  ap- 
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proached  each  loop  the  note  of  our  travelling  fork  would 
swell,  and  become  hushed  at  every  node;  and  we  shall  see 
that  in  exploring  the  region  covered  by  our  electromagnetic 
wave,  this  is  exactly  what  must  be  done  both  to  discover  the 
existence  of  the  commotion  and  to  locate  its  loops  and  nodes 
— ^we  must  explore  it  by  means  of  an  electric  tuning-fork  like 
unto  the  one  that  excites  the  wave. 

It  has  been  shown  that  where  a  direct  and  a  reflected 
wave  meet  on  a  rubber  tube,  that  point  remains  motionless; 
and  the  same  was  found  true  of  waves  of  water:  these  nodes 
are  points  of  inlcricvcncc  of  the  waves — slalionarv  waves,  as 
they  are  called,  because  produced  Ijv  outward-bound  undula- 
tions meeting  homeward-bound  ones  which  had  been  turned 
back  by  the  obstacle  ni  their  path.  Nodes  are  therefore  spots 
of  inaction;  the  wave-movement  at  all  other  points  is  fully 
alive — ^will  bend  a  rope,^oss  a  boat,  vibrate  the  tympanum  of 
the  ear,  or  excite  the  retina  of  the  eye,  according  to  the 
medium  in  which  the  wave  moves. 

A  spark  is  the  visible  index  of  electric  tension — of  a  power 
that  only  needed  a  suitable  conjuncture  to  become  manifest: 
where  it  can  be  produce'd,  the  electromagnetic  condition  is 
fully  alive — ^where  it  cannot,  this  power  is  neutralized.  Sup- 
pose, then,  the  space  of  a  room  to  be  electrified  by  waves 
from  some  source,  that  travelled  outward  to  the  walls  and 
were  there  reflected  back  to  the  origin — a  succession  of  sta- 
tionary waves.  If  this  hypothesis  be  true,  sparks  c<u;  be  ob- 
tained by  ai)i)ropriate  means  at  certain  points,  and  at  others 
not:  tlieir  j)re->eiice  will  indicate  the  contour  of  the  wave,  their 
absence,  its  node;  and  if  sei^ment  and  node  follow  each  other 
will)  regularity,  it  will  be  proof  positive  that  the  hypothesis 
of  waves  is  correct. 

The  experimental  means  of  verifying  this  will  now  be 
described. 

Synchronous  movement  of  two  bodies  is  one  of  the 
best  known  phenomena  of  nature:  a  delicate  touch  given 
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{>eriodica]ly  to  a  pendulum  will  eventually  set  it  swinging 
over  quite  an  arc;  so  the  impulses  communicated  to  the  air 
by  a  vibrating  tuning-fork,  will,  if  they  fall  upon  a  similar 
fork  at  a  little  distance,  cause  it  to  hum  a  note  in  unison  with 

its  own;  and  so,  too,  the  sound  of  a  violin  will  draw  from  a 
wire  of  an  open  piano  a  responsive  tone. 

Kow  a  charged  Ley  den  jar,  l^ig.  70,  of  given  size  and 


definite  circuit  will  relieve  itself  of  strain  in  a  scries  of  surg- 
ings  or  oscillations  of  certain  frequency;  and  by  changing 
the  capacity  of  the  jar,  or  the  length  or  nature  of  the  circuit, 
the  period  or  frequency  may  be  varied  just  as  the  notes  of 
tuning-forks  change  with  their  size.  Thus  it  is  possible  to 
make  one  Leyden  jar  synchronize  its  discharge  with  another; 
or,  which  is  the  object  sought,  the  discharpfe  of  one  jar  may, 
if  the  wave  hypothesis  be  correct,  send  out  into  space  a  suc- 
cession of  clectromat^netic  waves,  which,  in  their  impact  upon 
a  similar  jar  at  some  distance,  will  char^^e  this  one  until  it 
ovcrt]o\\  s  in  a  scries  of  surgin^s.  it  is  the  parallel  of  one 
tuning-fork  projecting^  waves  of  air  uj)on  another.  The 
spark  of  discharge  of  the  second  jar  is  the  response  to  the 
spark  of  the  first,  just  as  the  tone  of  the  piano  is  to  the  note 
of  the  violin.  This  is  the  principle  of  the  experiment  to  be 
described,  though  the  means  of  its  execution  is  different. 

Let  A  and  Fig.  71,  represent  two  plates  of  zinc  with 
thick  copper  rods,  r  r ,  attached  to  them,  having  bright  brass 
knobs,  p  and  9,  at  their  ends.  A  small  air-gap  intervenes  be- 


CIRCUIT 


Fig.  70. 
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tween  the  knobs.  It  is  evident  that  this  arrangement  is  essen- 
tially that  of  a  Leyden  jar,  for  the  plates  may  represent  the 
inner  and  outer  coatings  of  the  jar;  and  the  rods  with  their 
knobs,  the  circuit  whereby  discharge  will  be  effected  when 
the  tension  is  sufficient  to  cause  a  spark  to  leap  across  the 
air-gap.  is  a  thick  copper  ring  of  which  a  small  section  is 
cut  away,  and  the  ends  fitted  with  knobs:  its  self-induction, 
capacity,  and  resistance  are  such  that  the  rate  of  oscillation 


Fig.  71. 


of  an  electric  charc^e  in  it  l)Ct\vccn  the  knobs  h  and  h  \%  the 
same  as  in  the  system  of  plates  and  rods  he i ween  ^  and  q\ 
that  is,  these  two  bodies  are  electrically  attuned  one  to  the 
other:  if  they  were  strings  of  two  instruments,  as  of  a  harp 
and  a  guitar,  and  in  a  similar  way  nni^ically  attuned,  to  thrum 
one  would  excite  a  sympatiietic  note  in  the  other:  then, 
corresponds  to  the  second  jar.  7^  is  an  induction-coil  with  ils 
connecting  wires,  e  e,  to  charge  the  plates.  When*this  is  done 
to  overflowing,  a  spark  will  span  the  gap  pq,  and  an  electric 
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uave  will  surge  across,  say  from  A  to  B,  enipt\  ingf  the  former 
and  siirchargin|2f  the  latter,  so  that  a  reverst'  rui>h  takes  place 
from  B  to  A,  and  thus  back  and  forth  in  (juick  snccc>sion  for 
a  few  times  with  rapidly  diminishing  volume  until  equilibrium 
is  restored.  It  is  the  analogue  of  a  compressed  spiral  wire 
suddenly  released — it  will  spring  np  and  down  a  few  times 
-ere  coming  to  rest  This  flux  and  reflux  excite  ripples  in  the 
ether,  which  travel  out  in  widening  circles  at  right  angles  to 
the  line  of  oscillation.  Suppose  these  ripples  to  be  pro- 
pagated so  as  to  form  stationary  electromagnetic  waves  as 
pictured  in  Figs.  71  and  72 — one  series  suffering  reflexion  at 


Fio.  73. 


the  sheet-iron  wall  and  upon  their  return  interfering  with 
another  series  outward  bound.  If  the  space  between  the  plates 
and  the  wall  is  in  this  condition,  then  by  carfying  the  ring 
R  along  the  line  .ry,  it  will  have  a  current  induced  in  ii  l)v  the 
wave  wherev  er  active,  and  a  spark  will  ])ass  between  //  and  A', 
but  none  where  the  wave  is  inoperative. 

It  may  be  inferred  from  what  has  been  stated,  that  the 
discovery  of  the  electromagnetic  waves  was  the  result  of  a 
fortunate  hypothesis  or  haphazard  experiment;  not  so.  The 
induction-coil,  the  vibrator,  the  Leyden  jar  are  all  periodic 
in  their  action,  and  hence  the  field  arising  out  of  such  action 
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may  be  analytically  expressed  by  an  equation  which  is  essen- 
tially Fourier's  series. 

Prof.  Hertz  of  Germany  solved  the  equation  and  then 
proceeded  to  verify  the  results  by  experiment;  and  it  is  his 
experiments  that  will  be  used  (not  exactly  as  he  made  them, 
but  in  essence),  to  illustrate  how  the  features  of  wave-motion 
— interference,  polarization,  rclraciion.  etc. — run  through 
electromagnetic  phenomena  in  space,  and  hence  indicate  that 
these,  too,  are  characterized  by  wave-motion. 

In  Fi^.  71  tlie  line  .ry  is  a  perj -cndicular  to  the  wall  from 
a  point  midway  between  the  knoljs:  beginninjj  at  y  with  the 
ring  R  held  so  that  its  plane  is  in  the  vertical  plane  through 
;ry  and  the  air*gap  hk  turned  successively  into  <lifTerent  posi> 
tions,  no  spark  passes  in  this  air-gap  even  while  that  at  is 
brilliant  with  them,  xmiil  the  ring  is  moved  from  contact  with 
the  wall;  then  they  begin — ^increase  in  size  and  brightness — 
fade  and  grow  less — cease,  and  thus  waxing  and  waning  at 
regular  intervals,  disclose  the  powerful  electromagnetic 
waves  pervading  space  otherwise  dark  and  quiet. 

Here»  then,  are.  two  features  of  wave-motion  established: 
interference  at  the  nodes  ft,  and  rcHectwn  at  the  wall. 

The  wall  has  a  sheet-zinc  facing,  which  reflects  electro- 
magnetic waves  for  tlie  .same  reason  that  a  mirror  reflects 
light-waves,  or  a  board-fence,  sound-waves:  but  remove  the 
zinc,  and  through  the  remaining  brick,  stone,  or  wood, 
thouirli  many  feet  thick,  the  wave  will  pass  and  produce  a 
spark  '\\\  R. 

The  existence  of  standing  electromagnetic  waves  in  space 
has  been  proven;  the  case  is  analogous  to  that  of  sound  illus- 
trated in  Fig.  69:  it  now  remains  to  show  their  existence  in 
the  case  similar  to  that  of  sound  illustrated  in  Fig.  68,  where 
waves  are  not  produced  by  interference. 

In  Fig.  73  let  AB  represent  two  plates  with  a  system  of 
rods  and  knobs,  and  F  a  small  induction-coil  to  charge  them; 
C  and  D  are  two  similar  plates  from  which  long  wires  wuf 
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extend.  Start  the  coil  into  action;  it  will  charge  A  and 
and  these  wilt  induce  the  electric  condition  in  C  and  from 
which  a  current  will  result  in  the  wire:  now  walk  along  the 


Fig.  73. 


wire  with  the  ear  close  to  it  but  not  touching  it  and  a  crack- 
ing sound  will  be  heard;  it  grows  louder,  then  drops — again 
louder,  and  again  drops;  we  have  heard  an  electromagnetic 
wave  on  the  wire. 

It  can  also  be  seen;  for,  place  a  vacuum  tube  T  across  the 
two  wires  and  move  it  slowly  along — it  will  alternately  light 
up  and  darken  as  we  proceed  from  D  to  H,  and  thus  we  have 
evidence  of  light  as  well  as  sound  that  the  electromagnetic 
condition  tigured  in  the  curve  I't'l'"  exists. 

Section  Two:  Reflexion  of  Waves. 

48.  In  the  last  article,  Reflection  was  incidentally  shown  to 
be  a  feature  of  electromagnetic  waves;  it  will  also  appear  as 
a  secondary  event  in  the  next  article;  but  in  the  present  one 
it  is  made  a  matter  for  illustration. 

Reflection  is  such  a  familiar  occurrence,  that  it  seems  su- 
perBuous  to  define  it;  still,  to  be  explicit,  this  will  be  done. 
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If  a  particle  of  matter  approach  a  plane  perpendicularly, 
as  in  the  direction  CO  toward  AB^  Fig.  74,  it  will  rebound, 
if  elastic,  along  the  path  it  came;  but  if  it  meet  the  plane  at 
a»3r  angle,  as  in  Fig.  75,  it  will  be  reflected  at  the  same  angle 


-B 


0         "  M  O  K 

Fig.  74.  Fio.  75, 

on  the  other  side  of  the  perpendicular  to  the  plane  at  the 
point  of  impact;  that  is,  if  it  arrive  by  the  line  £0,  it  will 
(lci)art  by  OF,  or  the  angle  of  incidence  EOR  is  equal  to  the 
angle  of  retlection  ROF. 

We  have  instances  of  retiection  in  the  billiard-ball  glanc- 
ing from  the  side  of  the  table;  in  the  waves  of  the  sea  re- 
coiling from  the  breakwater;  in  the  echo  of  sound  from  the 
cliff;  the  flashing  of  light  by  a  mirror;  and  the  turning  aside 
of  heat  radiation  from  an  open  grate  by  a  screen. 

To  show,  in  particular,  that  electromagnetic  waves  are  re* 
fleeted  just  like  material  particles,  or  like  waves  of  air  or 
water,  consider  Fig.  76:  A  and  B  are  two  parabolic  mirrors 
placed  side  by  side  with  their  focal  Hnes  F  and  F  vertical  (the 
peculiar  property  of  this  kind  of  mirror  will  be  explained  in 
the  next  article);  ss  is  a  screen  faced  with  sheet  zinc  and  the 
inside  of  both  mirrors  is  covered  with  the  same  material; 
PP'  is  a  perpendicular  from  the  middle  point  between  the 
focal  lines  to  the  screen,  and  the  niirnirs  are  turned  so  that 
the  lines  mP  and  nP  from  their  focal  lines  will  make  etjual 
anjj^les  with  PP';  V  is  a  vibrator  coiisistini^  of  two  short 
thick  l)ra'^s  cylinders  with  knobs  at  the  ends  nearest  each 
Other,  the  knobs  beinor  separated  by  a  little  air-Sj^ce;  WW 
are  wires  connecting  the  induction-coil  C  with  the  vibrator; 
/?  is  a  metal  ring  with  a  small  section  cut  away  and  the  ends 
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fitted  with  knobs;  Its  size  is  such  as  to  make  it  electrically 
attuned  to  one  of  the  wave-periods  that  the  vibrator  V  is 
capable  of  sending  forth. 

When  the  induction-coil  is  set  in  action,  it  charges  the 
vibrator — ^in  principle  a  Leyden  jar — whence  electric  oscilla- 
tions pass  to  and  fro  betwccii  liic  knobs,  following  a  spark. 


Fig.  76. 


These  oscillation?;  create  waves  in  the  surroundinc;-  ether, 
which  are  collected  by  the  mirror  and  thrust  in  parallel 
rays  upon  the  screen;  this  reflects  them  into  the  mirror  B 
where  they  are  concentrated  upon  the  resonator  R  and  a 
series  of  responsive  sparks  between  its  knobs  is  the  result. 
But  if  the  screen  be  turned  into  any  other  position  than  per- 
pendicular to  PP',  as,  for  instance,  s*/  or  s"s'\  the  reflected 
rays  will  take  the  directions  Pn'  and  Pn",  and  no  longer  pro- 
duce sparks  in  R,  even  while  the  vibrator  is  brilliant  with 
them. 

The  rejection  is  therefore  as  direct  and  concentrated  as 
would  be  that  of  material  particles. 
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Section  Thm :  Convergence  el  Warn  to  a  Focus. 


49.  A  parabolic  mirror  is  generated  by  the  revolution  o! 
a  parabola  around  its  axis.  Let  A  and  A\  Fig.  77,  represent 
sections  of  two  such  mirrors,  and  F  and  F  the  focus  of  each. 


Fig.  77. 


It  is  a  property  of  the  parabola  that  a  ray  emanating  from  the 
focus  and  striking  any  point  of  the  curve  will  be  reflected 
parallel  to  the  axis;  therefore,  a  n^aterial  particle — ^a  ball — 
shot  from  F  toward  P  will  be  deflected  toward  R\  and  so,  too, 
a  wave-movement  of  water,  air,  or  ether,  arising  at  F  and 
spreading  out  toward  the  mirror,  would,  on  reaching  it,  be 
turned  parallel  to  the  axis:  its  force  is  now  diffused  and  uni- 
form— before,  it  was  concentrated  and  strong^er  as  one 
nearcd  tlie  focus.  The  con\  crsc  of  this  is  also  true;  if  at  the 
distance  of  several  feet  a  similar  mirror.  P'A'B'.  he  symmetri- 
cally placed,  it  will  gather  up  the  parallel  fragments  of  the 
wave  and  converge  tlicm  to  P'. 

To  prove  this  for  sound-waves:  arrange  the  mirrors  as  in 
the  figure,  and  ])lace  a  watch  at  F;  its  ticking  will  be  dis- 
tinctly heard  at  F';  mark  this  spot  and  remove  the  second 
mirror;  then  no  sound  will  reach  an  ear  at  F';  but  with  the 
mirror  in  place  again,  the  sound  will  return.  For  heat-waves: 
place  a  copper  shell  filled  with  boiling  water  at  F  and  a  deli- 
cate thermometer  at  F;  the  latter  will  rise  because  of  the 
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beat  concentrated  on  it;  if  the  second  mirror  be  removed, 
the  tenii)erature  falls — if  restored,  it  rises  again.  For  light- 
waves: place  a  small  glow-lamp  at  F  and  a  dazzling-  spot  will 
appear  at  F,  which  gives  place  to  a  uniform  light,  if  the 
second  mirror  be  taken  away,  only  to  return  when  in  place 
again.  And  thus,  at  pleasure,  we  can  have  at  F\  sound  or 
silence,  warmth  or  coolness,  blinding  brilliancy  or  grateful 
glow,  according  to  the  nature  of  the  source  of  waves  at  F 
and  whether  the  second  tnirror  be  in  place  or  not. 

To  show  that  electromagnetic  waves  are  similarly  re- 
flected and  brought  to  a  focus,  a  small  change  is  made  in  the 
form  of  the  mirror:  as  described,  its  focus  is  a  point,  but  if  a 
series  of  parabolas  like  PAB  be  laid  one  upon  another  in 
symmetrical  i)i!e.  the  several  focal  fx)ints  thus  superposed  will 
form  a  focal  line.  The  interior  of  the  mirrors  should  be  cuaied 
with  tinfoil.  Then  inside  them,  the  apparatus  of  Fig.  76  is 
to  he  adjusted — the  vibrator  T  in  one,  and  the  ring  K  in  the 
other,  and  both  so  that  their  knobs  shall  lie  in  the  focal  lines 
of  their  respective  mirrors.  Now  when  a  charge  on  V  breaks 
across  the  air-gap  as  a  spark,  it  will  excite  electromagnetic 
waves  in  the  ether  which  will  expand  to  the  surface  of  the 
mirror  PAB^  there  undergo  reflection,  proceed  in  parallel 
lines  to  the  second  mirror,  and  be  reflected  from  its  surface 
into  converging  lines;  these,  falling  upon  the  ring  R,  will 
induce  a  current  in  it  that  will  leap  as  a  spark  between  its 
knobs.  But  if  these  knobs  be  moved  out  of  the  focal  line, 
there  is  no  responsive  spark;  nor  will  there  be,  if  the  second 
mirror  be  taken  away — the  force  of  the  waves  reflected  from 
the  first  mirror  is  too  diffuse  to  excite  the  necessary  charge 
in  the  ring. 
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Section  Four  :  Refraction  of  Waves. 


50.  Light  wa^es. — ^Refraction  is  a  feature  of  wave-mo- 
tion that  is  found  in  electromagnetic  phenomena  as  well  as  in 
Sound,  Heat,  and  Lig-ht.    Refraction  of  Sound  will  be 

brought  in  as  an  eye-witness,  for  the  air  and  its  u'avcs  we 
knoiv  exist;  but  tlie  ciher  and  its  undulations  are  more  of  the 
nature  of  circumstantial  evidence — worthy  of  credence  in  the 
highest  degree,  but  still  with  a  possible  haze  of  doubt  clinging 
to  them. 

Generally  stated,  refraction  means  a  change  in  both  the 
velocity  and  direction  of  a  moving  wave  on  entering  one 
medium  from  another  of  different  density,  as  from  air  to 
water:  this  is  illustrated  in  the  case  of  sound  in  art.  51;  it 
may  also  be  illustrated  in  the  case  of  light  by  defining  the 
mdex  of  refraction.  Let  RIBG,  Fig.  78,  be  a  shallow  vessel 


covered  with  glass;  it  is  half  filled  with  water  slightly  whit- 
ened by  milk  and  the  air  above  is  smoky  from  a  pufT  from  a 

cigar;  a  beam  of  light  from  a  lamp  L  is  reflected  by  a  plane 
mirror  .1/  in  througli  a  slit  /  in  the  rim.  Tiic  direct  beam  ;//<> 
is  visible  in  the  smoky  air,  and  its  bent,  or  refracted,  con- 
tinuation, 0(7  is  in  the  milky  water.  PP  is  perpendicular  to  the 
surface  of  the  water,  and  mn  and  he  are  two  perpendiculars  to 


IP 


Fig.  78. 
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PP  from  (i»3r  points  of  the  path  of  the  beam.  Divide  the 
radius  of  the  vessel  OB  into  any  number  of  equal  parts,  say 
100,  and  measure  mn  and  he  by  this  arbitrary  scale;  divide 
the  number  representing  the  former  by  that  denoting  the 

latter,  and  the  quotient  is  the  Index  of  Refraction.  It  is 
constant  for  the  same  two  media,  but  varies  when  these  are 
ciianged.  The  line  mn  is  the  sine  of  the  angle  (of  incidence) 
mon,  and  he  is  the  sine  of  the  angle  (of  refraction)  hoc,  so  that 
the  index  of  refraction  is  equal  to  the  quotient  of  these  sines. 

It  may  be  stated  in  passing  that  a  similar  law  has  been 
mathematically  deduced  for  electromagnetic  waves — only, 
that  for  these,  the  ratio  is  of  the  tangents  instead  of  the 
sines  of  the  angles.  Thus  the  fact  of  electromagnetic  refrac- 
tion was  analytically  established  prior  to  its  experimental 
proof. 

If  a  ray  R  of  any  single  color — ^red,  blue,  yellow,  etc.— 
meet  a  prism  of  glass,  ABd  Fig.  79,  at  a  certain  angle,  it  will 


Fig.  79>  Fic*  61.     Fig.  83.     Fto.  83. 


Fig.  80. 


be  bent  parallel  to  the  base  as  in  ed,  and  emerge  in  the  direc- 
tion dF  symmetrical  with  Re:  if  the  ray  be  parallel  to  the  base 
before  entering,  it  will  be  bent  toward  it  in  the  prism,  and 
still  more  so  on  emergence  as  in  Fig.  80.  The  transition  from 
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a  prism  to  a  double  convex  lens  is  easily  followed  in  Figs.  8i, 
82,  and  83:  in  the  first,  two  prisms  are  placed  base  to  base; 
in  the  second,  there  is  the  same  form  cut  from  one  block;  and 
in  the  third,  the  complete  lens  is  obtained  by  paring  away  the 
side  corners  and  rounding  the  flat  faces.  All  the  refracting 
properties  of  the  lens  are  identical  with  those  of  the  prism; 
and  we  have  daily  examples  of  the  refraction  of  light  in  tele-  * 
scopes,  reading-glasses,  and  spectacles. 

51.  Sound  waves. — Sound  has  l)ccn  refracted  by  means 
of  a  double  convex  lens,  Fig.  84,  consisting  of  a  hoop  with 


Fio.  84. 


thin  rubber  sides,  tilled  with  carbonic  acid  gas,  which  is 
denser  than  air.  W  hen  a  watch  is  placed  at  .v,  its  ticking  is 
distinctly  heard  at  the  focus  d\  if  the  ear  be  moved  from  this 
point,  or  the  lens  be  taken  away,  no  sound  will  be  heard,  thus 
proving  the  fact  of  refraction. 

a  h 


Fig.  S5. 

That  it  is  effected  by  bending  and  retarding  the  wave- 
front  is  shown  in  Fig.  85:  let  ah  represent  a  straight  portion 
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of  the  wave-front;  it  strikes  the  lens  at  the  middle  is  at 
once  retarded  in  the  denser  medium  while  the  ends  travel  on 
with  their  original  velocity  in  air  until  they  reach  the  points 
m  and  n\  by  this  time  the  middle  has  reached  o\  a  less  dis- 
tance than  am  or  hn,  and  so  the  wave  presents  the  broken 
front  mo'n\  the  ends  immediately  emerge  into  air  and  pro- 
ceed as  bcioie  while  the  middle  is  still  retarded  by  the  heavy 
carbonic  acid  gas  until  it  reaches  o" ,  when  all  parts  of  the 
wave  go  on  in  air,  hut  in  two  columns  a'o"  and  b'o"\  these 
gradually  convcfL^e  to  proihice  their  full  cUcct  at  the  locus. 

52.  Heat  waves. — The  refraction  of  Heat  has  1)een  ef- 
fected by  the  apparatus  shown  in  Fig.  86:  a  prism  of  rock 


Fig.  66. 


salt  ABC,  which  allows  heat  to  traverse  it  freely,  is  placed 
on  a  stand;  £  is  a  thermo-electric  pile — a  combination  of  bars 
of  antimony  and  bismuth — from  which  wires  lead  to  a  gal- 
vanometer G\  when  heat-waves  fall  on  the  ends  of  the  bars^ 
which  are  alternately  soldered  together,  they  excite  in  them  a 
current  of  electricity  which  is  conveyed  by  the  wires  to  the 
galvanometer  and  moves  its  needle.  The  bar  FN  is  pivoted  at 
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F,  SO  that  the  pile  E  may  be  revolved  into  any  position.  M 
is  a  copper  cube  filled  with  boiling  water  and  screened  off  to 
prevent  heat  reaching  the  pile  except  through  the  hole  h. 

Before  placing  the  prism  on  the  stand,  and  with  the  pile 
at  E\  in  the  direct  line  from  h,  the  rays  of  heat  RR'  fall  upon 
it,  and  the  needle  swings  in  response  to  the  consequent  cur- 
rent: but  with  the  prism  placed  on  its  stand,  the  needle  in- 
siauil)  lelurus  tu  zero,  and  bcfure  it  moves  a^^ain  as  indica- 
tive of  heat  falling  on  the  pile,  the  latter  must  be  revolved 
throngfh  a  considerable  angle — into  the  ixksiuoii  E.  Thus, 
as  in  the  case  of  Hc^ht.  Fig.  80.  the  lieat-waves  are  bciU  by  the 
prism — refracted — into  the  line  RR. 

53.  Electromagnetic  waves. — The  mode  of  procedure 
to  show  the  refraction  of  electromagnetic  waves  is  similar  to 
that  described  in  the  preceding  article.    Fig.  S7  will  ilius- 


Fio.  87. 

trate  it — ^a  reproduction  in  part  of  Fic^.  77:  PAB  is  a  para- 
bolic mirror,  and  T'  a  vibrator  and  R  a  resonator  similar  to 
those  shown  in  Fig.  76;  P'A'B'  and  F'A"B"  are  two  positions 
of  the  second  mirror;  both  V  and  R  are  to  be  adjusted  verti- 
cally in  the  focal  lines  of  their  respective  mirrors;  XYZ  is  a 
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very  large  prism  of  j>iuli;  ^"  and  S'  are  two  zinc  screens  so 
placed  as  to  intercei)t  all  waves  other  than  those  that  have 
passed  through  the  prism.  When  the  prism  is  )w\  interposed, 
a  spark  passinj^  between  the  knobs  p  and  q  will  excite  a  spark 
between  the  knobs  //'  and  A*'  placed  in  the  direct  line  from  the 
first  mirror;  but  when  the  prism  is  in  i)lace  as  shown,  no 
spark  will  occur  in  the  ring  7?,  even  while  the  vibrator  is 
sparking,  until  the  second  mirror  is  moved  many  degrees 
out  of  the  direct  line,  or  into  the  position  P"A"B", 

The  index  of  refraction  given  by  this  experiment  was  1.69, 
which  nearly  agrees  with  the  index  (1.5  to  1.6)  found  for 
pitch-like  substances  by  optical  experiments. 

And  thus  refraction  points  to  the  kinship  of  heat,  light, 
and  electricity — that  they  are  due  to  the  undulations  of  some 
medium,  since  sound,  which  is  due  to  waves  of  air,  is  refracted 
in  precisely  the  same  way. 

Section  Five :  The  Polarization  of  Waves. 

54.  Light  waves. — So  far.  four  phenomena  have  been 
used  to  illustrate  wave-motion — interference,  reflexion,  con- 
vergence, and  refraction.  Interference  was  described  for 
waves  of  water,  air,  and  ether;  and  thus  phenomena  in  the 
last  medium,  which  is  hypothetical,  was  connected  through 
the  invisible  but  none  the  less  real  air  with  similar  occurrences 
in  water,  which  is  material  enough  to  carry  conviction  to  any 
mind.  The  tie  being  thus  established  for  the  existence  and 
action  of  waves  in  various  media,  the  gross  water  was  dropped 
out  of  the  illustrations  of  reflexion,  convergence,  and  refrac- 
tion; but  the  bond  was  further  cemented  -by  description  of 
these  phenomena  in  both  air  and  ether:  now,  however,  a 
step  beyond  must  be  made — an  advance  into  regions  wholly 
ideal,  and  a  phenomenon  described  that  is  found  only  in  the 
ether — I'ularization.    It  is  a  characteristic  alike  of  heat,  light. 
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chemical,  and  electromaj^^netic  waves:  and  as  it  has  been 
pretty  satisfactorily  estabhshed  in  the  foregoing  pages  that 
a  medium  must  exist  for  these  actions  and  that  the  mode 
of  propagating  their  energy  is  by  a  wave,  what  follows  is  by 
way  of  confirming  this  view.  Polarization,  then,  is  only  an- 
other link  connecting  electromagnetic  waves  with  the  other 
waves  of  the  ether — ^the  luminous,  thermal,  and  actinic. 

Just  as  a  source  of  sound  is  a  center  of  aerial  disturbance, 
or  a  stone  thrown  into  water  gives  rise  to  a  series  of  expand- 
ing ripples,  so  a  source  of  light  creates  commotion  in  the 
ether,  which  travels  outward  in  straight  lines,  called  rays. 

The  molecules  of  water  do  not  advance  with  the  wave, 
but  rise  and  fall  across  a  mean  line  drawn  in  the  direction  of 
the  undulation;  and  this,  too,  is  the  motion  of  the  particles  of 
ether — across  the  proqrcss  of  the  ray — only,  that  whereas  the 
drops  of  water  move  up  and  down  alone,  the  ether  particles 
move  in  every  direction  across  a  center,  as  dianieters  cross 
that  of  a  circle:  and  it  is  the  i)roj)ai;atioii  of  this  kind  of  mo- 
tion to  the  particles  of  ether  lying  in  a  straight  line  that  consti- 
tutes the  velocity  of  light.  When  the  commotion  reaches  the 
eye  it  causes  the  sensation  of  light.  The  idea  intended  to  be 
conveyed  is  illustrated  in  Fig.  88,  where  the  arrow  represents 


Fig.  B8. 


the  direction  of  the  ray,  and  the  circles,  successive  stages  of 
the  oscillatory  movement  as  it  reaches  the  particles  lying 
along  it:  slide  the  circles  alon^:  the  arrow  until  they  are  in 
close  proximity,  and  it  will  represent  the  continuous  condi- 
tion of  the  ether.  Between  any  two  particles  in  the  same 
phase,  as  in  -^4'  and  A^,  there  will  be  particles  in  every  inter- 


Digitized  by  Google 


THE  POLAKIZA  TION  OF  WA  VES. 


89 


mediate  phase,  as  shown  m  Fig.  15,  page  37:  this  indicates 
that  the  propagation  of  light  is  by  the  undulatory  movement 
there  delineated. 

This  matter  of  the  oscillation  of  the  ether  particles  will  be 
further  illustrated.  Consider  Fig.  89:  ^  is  a  cluster  of  small 


ivory  pellets  tied  close  down  to  a  board  with  indiarubber 
threads;  h  is  a  single  one  of  these  pellets;  pnll  it  vertically  to 
the  elastic  limit,  m,  of  the  thread  and  let  it  go;  it  will  swing 
to  and  continue  oscillating  until  friction  both  of  the  medium 
and  of  the  parts  of  the  thread  exhausts  the  energy:  similarly, 
r,  d,  and  e  are  drawn  horizontally  and  in  inclined  directions — 
they  all  may  represent  particles  of  ether  swinging  to  and  fro. 
Now  unite  a  multitude  of  such  particles,  let  each  oscillate  in 
a  diameter  of  the  same  circle  and  we  have  Z — one  of  the 
stages,  A^A^A^y  etc,  of  the  ether  along  the  ray  in  Fig.  88, 

Material  atoms  in  intense  vibration  are  sources  of  light: 
let  one  such  atom  occupy  the  center  of  the  cluster  at  A,  Fig. 
89.  and  the  ivory  pellets  represent  so  many  particles  of  ether  . 
surrounding  it :  the  pellet  is  ])ulletl  out  by  the  hand — the  cllier 
is  pushe<l  out  by  the  vibratory  change  of  form  of  the  atom; 
the  pellet  swings  back  on  account  of  the  elastic  force  of  the 
thread  that  ties  it  down,  and  the  ether  dues  the  same  because 
of  its  inherent  elasticity.  Violent  expansion  and  contraction 
of  the  vibrating  atom  keeps  up  the  commotion — drives  the 
ether  outward  and  permits  it  to  close  in  again,  and  as  each 
particle  swings  in  a  radius,  all  are  thus  oscillating  in  an  in- 
finity of  radii  from  a  center — a  starry  nucleus  as  represented  at 
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Fig.  89. 


Z  in  Fig,  89. 
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Ai>  regards  the  constitution  of  the  ether,  I  may  quote  the 
following  opinion,  which,  liovvever,  waj>  nut  expressed  in  con- 
nection with  the  illustrations  here,  which  are  solely  the 
author's: 

**  T  do  not  say  that  the  medium  [the  ether]  is  thus  made 
up  of  discrete  particles,  or  that  the  different  portions  of  it  vi- 
brate in  this  manner;  but  there  is  undoubtedly  a  directed 
quantity  transverse  to  the  direction  in  which  the  wave  is  travel- 
ling, the  value  of  which  at  different  points  may  be  represented 
by  the  displacements  of  the  particles."  (Prof.  Andrew  Gra>% 
F.R.S.) 

In  Fig.  90»  a  ray  of  lights  AO,  made  up  of  starry  elements 
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fic.  90. 

like  Fig.  89,  approaches  a  slab  of  glass,  MN,  at  a  certain 
angle,  58**,  called  the  polarizing  angle:  the  horisontal  oscilla- 
tions of  the  several  elements,  such  as  r,  Fig.  89,  considered 

perpendicular  to  the  plane  of  the  pai>er  in  Fig.  90,  or  hh\ 
Fig.  (ji,  striking  the  glass  on  their  sides,  as  a  Hat  stone  glances 
along  the  water,  are  rdJcitcd  like  a  >eries  of  bars.  H,  spaced 
along  the  direction  OB,  each  parallel  to  the  upper  surface  of 
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the  glass :  the  vertical  oscillations,  on  the  contrary,  such  as  J, 

Fig.  89.  and  tf'.  Fig.  91,  meeting  the  glass  endwise,  strike 
into  it,  as  the  stone  would  enter  water  if  its  edL;e  met  it,  and 
they  are  refracted  like  a  succession  of  bars,  / Kii;.  90.  along 
the  line  OC  in  a  f^laiic  at  rii^lit  ans^les  to  the  face  of  tlic  glass. 

The  oscillations  inclined  at  an  an,i,de.  as  (/  and  c,  F"ig.  89, 
or  cc'.  Figs.  91  and  92,  are  each  resolved  into  two  components, 
one  horizontal^  as  si,  and  the  other  vertical,  atsse  -h  te\  Thus, 


V 


Fig*  91*  Fio*  92<  Flo.  93.  Fic.  94. 


while  the  ray  AO,  Fig.  90,  met  the  glass,  oscillating  in  the  di- 
rections of  the  spokes  of  a  wheel,  it  ceased  to  do  so  after  im- 
pact, but  became  restricted  to  two  directions;  what  was 

reflected,  was  composed  of  oscillations  only  in  a  plane  parallel 
to  the  face  of  the  glass,  as  in  Fig.  9,^.  while  thai  refracted  li.id 
only  oscillations  in  the  ])lane  perpendicular  to  tliat  lace,  as  in 
Fig.  94.  This  is  polarization,  ft  is  a  condition  of  light  that 
may  be  produced  by  other  means  than  retlection  and  refrac- 
tion, and  consists,  as  indicated,  in  reducing  the  ether  oscilla- 
tions from  radial  directions  to  parallehsm. 

The  behavior  of  polarized  light  is  illustrated  by  Figs.  95 
to  98:  in  each,  (7  and  h  are  two  plates  of  glass  blackened  on 
one  side  in  order  to  have  only  a  single  reflecting  surface;  a 
is  seen  endwise  in  all  and  b  is  so  in  Figs.  95  and  97 — ^that  is, 
their  reflecting  surfaces  are  perpendicular  to  the  plane  of  the 
paper;  in  Fig.  96,  b  is  turned  so  as  to  present  its  front  at  an 
angle  to  the  observer,  and  in  Fig.  98,  it  is  turned  with  its  back  - 
in  a  similar  way;  the  ray  P  is  the  natural  sunlight  as  it  enters 
through  some  aperture  and  strikes  the  plate  a  at  the  polariz- 
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ing  angle;  when  reflected  in  R  it  has  only  oscillations  parallel 
to  the  surface  of  a — their  ends  are  seen  in  the  ray.  The  verti- 
cal oscillations  striking  the  glass  edgewise  are  alt  broken  up 
(compare  in  this  connection  Figs.  91  to  94,  which  will  ex- 
plain the  process).  In  Figs.  95  and  97,  the  oscillations  of  R 


Fio*  97.  Fig.  9S. 


fall  upon  h  on  their  sides  and  are  reflected  in  E  and  F;  but  in 
Figs.  96  and  98  they  encounter  b  endwise  and  are  destroyed^ 
hence  no  reflected  ray. 

Many  substances  are  variously  dense  in  different  direc- 
tions of  their  structure:  ice,  for  instance,  is  more  compact 
straight  down  into  it,  than  along  its  surface,  and  wood  is  of 
closer  texture  witli  the  grain  than  aci-oss  it.  Several  crystals 
have  the  same  characteristic,  among  them  tourmaline  and 
Iceland  sj)ar. 

It  has  alrctidv  been  shown  that  a  difference  indensityof  two 
media  produces  refraction:  the  same  is  true  of  a  difference  of 
density  in  two  directions  of  the  same  medium,  so  tliat  a  ray 
of  light  enterini};'  snch  a  substance  will  be  differently  refracted 
—split  into  two  parts  that  will  traverse  it,  each  in  its  own  di- 
rection, with  its  own  velocity.   Tourmaline  exists  in  several 
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varieties  and  colors;  it  is  of  uniform  density  in  a  certain  direc- 
tion called  the  axis  of  the  crystal,  and  also  at  rit^ht  anijles  to  it, 
but  of  difTeretit  degree  from  the  other:  a  ray  of  ]i<;hi.  there- 
fore, entering  the  crystal,  will  sufTer  doul)le  refraction — be 
divided  between  two  ])aths;  bm  while  that  parallel  to  the  axis 
is  an  open  jKissage,  the  one  across  it  is  conii)lelely  barred.  The 
light  emerges  polarized — oscillating  parallel  to  the  axis  of  the 
•crystal  only.  This  is  illustrated  in  Figs.  99  to  102:  in  99,  T 


Fto.  99. 


Fig.  100. 


is  the  tourmaline  with  its  axis  in  a  vertical  plane;  7?  is  a  pencil 
of  natural  light,  it  emerges  at  P  reduced  to  oscillations  par- 
allel to  the  axis  only;  in  Fig.  100  a  second  plate  of  tourmaline. 
7*,  is  placed  with  its  axis  parallel  to  the  first,  and  through  it 
the  polarized  ray  P  passes  without  hindrante,  emerging  at  £, 
still  polarized  like  P\  in  Fig.  loi  T'  is  another  plate  of  tour- 
maline turned  with  its  axis  at  right  angles  to  that  of  and 
the  polarized  ray  P  is  thereby  completely  stopped;  in  Fig. 


Fio.  xoi. 


Fio.  103. 


102  two  plates  of  tourmaline,  T"  and  V"  are  crossed,  thus 
quenching  the  brightest  light — a  black  spot  appearing  where 
light  should  be.  Tourmaline  is  most  valuable  for  determining 
the  condition  of  light;  if  plane  polarized,  the  crystal  gives  free 
passage  to  the  oscillations  in  one  direction,  but  opposes  them 
completely  in  another,  just  as  a  row  of  parallel  bars  would  a 
card,  Fig.  103. 
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Iceland  spar  is  a  transparent  substance  that  also  produces 
double  refraction,  but,  unlike  tourmaline,  both  rays  emerge 
intact.  Fig.  104  represents  such  a  natural  crystal:  hdek  is  a 


plane  through  its  axis,  and  any  ray,  P,  entering  the  crystal 
in  or  parallel  to  this  plane,  will  emerge  as  at  M  undivided, 
as  from  a  block  of  glass;  but  if  the  incident  ray  departs  from 
parallelism  with  this  plane,  as  at  i?,  it  will  be  split  in  its  passage 
through  the  crystal,  and  emerge  as  two  parts,  S  and  T,  the 
oscillations  of  which  are  at  right  angles  to  each  other  as  illus- 
trated in  Figs.  93  and  94,  and  which  may  be  verified  by  a  plate 
of  tourmaline,  as  in  Fig.  103;  and  the  greater  the  angle  be- 
tween the  incident  ray  and  the  direction  of  the  axis  in  Fig. 
104.  the  more  will  the  polarized  rays  5"  and  T  separate,  until, 
when  it  is  90*'.  as  at  0,  tlie  divergence  is  greatest.  On  further 
increase  of  the  angle,  the  rays  approach  each  other,  and  when 
it  has  become'  180°,  they  are  ai^Min  together.  If  P  he 
a  vertical  axial  line  of  the  crystal,  and  R  a  ray  making  airy 
angle  with  it,  then  if  this  revolves  in  a  cone  around  P,  so  will 
S  and  t  describe  cones  about  Af,  its  prolongation. 

Of  Iceland  spar  an  instrument  is  made — a  Nicol  prism — 
that  will  now  be  described,  as  it  is  used  in  experiments  to 


T 


Fig.  104. 
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prove  the  polarization  of  heat.  Fig.  105  represents  a  block 
cf  the  spar:  to  make  the  Nicol,  this  is  cut  diagonally  into 
two  pieces  from  H  to  K\  the  two  surfaces  of  the  cut  are 
smoothly  polished,  and  again  united  by  means  of  a  cement, 
so  that  the  crystal  presents  its  original  aspect;  but  the  layer 


I 

R 


Fig.  ios*  Fig.  106.  Fig.  107. 


of  cement  which  now  lies  in  its  interior  has  the  property  of 
deflecting  one  of  the  two  refracted  rays  entirely  out  through 
the  side  of  the  prism,  while  the  other  is  allowed  to  traverse  its 
length.  Fig.  106  shows  a  section  of  the  block  in  Fig.  105, 
through  the  edges  HH'—KK'i  HK'  is  the  line  of  the  cement. 
The  ray  R  incident  at  B  enters  the  prism,  is  split  into  the  two 
polarized  rays  Be  and  Bn:  the  latter  suffers  total  reflection 
in  iiA,  while  the  former  continues  on  to  d  and  emcrt^cs  toward 
c  with  the  oscillations  polarized  as  rci)resenlcd  parallel  to  the 
section  HKH'.  The  prism  is  set  in  a  case  as  shown  in  Pig. 
107.  the  line  PP'  of  the  longer  diagonal  being  the  direction  in 
which  the  oscillations  take  place.  Two  such  instruments  may 
be  used  jointly  as  polarizer  and  analyzer,  for  either  will  atTord 
a  polarized  ray  as  illustrated  in  Fig.  106,  and  the  other  placed 
in  the  path  of  this  ray  will  indicate  the  action  of  the  first.  If 
placed  as  at  A  and  5,  Fig.  108,  with  their  longer  diagonals 
parallel,  a  ray  R  entering  the  first,  will  give  a  polarized  ray  P, 
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which  will  pass  freely  through  B  and  emerge  at  £,  polarizer! 
as  it  was  in  P\  but  if  B  be  gradually  turned  round  a  horizontal 
axis  through  its  lengths  the  ray  E  begins  to  fade,  and  becomes 
extinct  when  B  has  acquired  the  position  C,  its  longer  diag- 
onal at  right  angles  to  that  oiA,ox  the  Nicols  are  crossed/' 

^  <^^^<^^-^ 

Fig.  io8. 

It  is  similar  to  the  action  of  the  tourmalines  in  Figs.  loo,  loi, 
and  1 02. 

Polarization  covers  an  extensive  and  intricate  field  of  phy- 
sical research,  but  only  such  part  of  it  has  l>een  described  as 
is  necessary  to  point  out  the  connection  between  heat,  light, 
chemical  action,  electricity,  and  nKitxiietisni— that  these  are  all 
manifestations  resuhing  from  waves  in  the  ether.  There  is 
one  phase,  liowever — circular  |)olarization — that  will  be 
briefly  illustrated  by  a  simile  as  its  use  comes  in  later.  Im- 
agine a  wheel  of  many  spokes  turned  slowly  on  its  axle  at  the 
same  time  that  it»is  rapidly  pushed  along  this  axle:  if  the 
spokes  represent  lines  of  oscillation  of  ether  particles  and  the 
tire  the  limit  of  their  excursion,  then  this  tire  will  enclose  a 
region  of  triple  movement;  an  in-and-out  motion — the  oscil- 
lation of  the  particles,  a  rotary  motion — ^the  revolution  of  the 
wheel  as  a  whole,  and  a  translatory  motion — its  thrust  along 
the  axle,  and  all  resulting  in  a  kind  of  spiral  wave — circular 
polarization.  But  this  may  have  a  visible  representation  in 
the  case  of  a  garden  hose;  if,  while  held  in  the  hand»  the 
nozzle  be  swuni^  round  in  a  circle,  the  issuing  stream  will  no 
longer  appear  like  a  slraiglu  glass  rod,  but  a  spirally  advanc- 
ing wave. 

In  a  former  article,  it  was  shown  that  an  oscillatini^  pendu- 
lum, whicli  in  reality  swinL;s  in  wave-motion,  describes  a 
straight  Hue,  a  circle,  or  an  ellipse,  according  to  the  point  of 
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its  path  at  which  a  blow  was  dealt  it:  so,  too,  waves  of  ether 
entering  a  plate  of  quartz  are  made  to  act  upon  each  other 
in  such  manner  that  circular  polarization  is  the  result — ^the 
particular  structure  of  this  crystal  is  to  the  ether-waves  what 
the  blow  was  to  the  pendulum  that  produced  rotary  motion. 
The  peculiar  crystallization  of  tourmaline,  on  the  other  hand, 
produces  riglu-line  motion,  or  plane  polarization;  and  there 
are  other  crystals  that  cause  elliptical  polarization. 

55.  Actinic  wayes. — Ether-waves  that  produce  chemical 
effects  have  been  plane  polarized  by  tourmaline  and  the  result 
shown  on  a  plate  coated  witii  cliloride  of  silver.  Referring 
back  to  Figs.  99  to  102,  if  a  sensitized  plate  be  exposed  to  the 
vibrations  P  coming-  from  the  first  crystal  or  to  those  at  R 
emergent  from  the  second,  tlic  action  u])oii  the  chloride  of 
silver  will  1)0  rajjid;  l)ut  it  the  second  crystal  be  turned  as  in 
Fig.  loi  or  both  be  crossed  as  in  Fig.  102,  and  a  new  sensit- 
ized plate  be  exposed,  no  action  whatever  will  take  place, 
thus  proving  that  the  actinic  rays  entering  the  first  crystal 
left  it  plane  polarized.  It  is  entirely  analogous  to  the  case  of 
light. 

56.  Heat  waves. — Ether-waves  that  produce  heat  have 
been  polarized  by  an  apparatus  represented  in  Fig.  109:  L 


Flo.  109. 


is  an  electric  lamp;  A  and  B  two  Nicol  prisms  with  their  axes 
\crtical  and  parallel;  is  a  trough  tilled  with  bisulphide  of 
carbon  having  some  iodine  dissolved  in  it — ^a  solution  that  in- 
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tercepts  the  brightest  light  but  allows  obscure  heat  to  pass 
freely;  T  is  a  thermopile  and  G  a  galvanometer.  With  the 
Nicols  placed  as  shown  at  A  and  B  and  the  galvanometer 
needle  at  zero,  the  cap  co\  eriiig  the  lens  at  L  is  removed,  and 
immediately  the  needle  jnni])s  wildly  around  from  the  effect 
of  tlie  flood  of  rays  emitted  from  the  lami>— they  pass 
througli  A,  are  there  polarized,  emer^^e  as  vertical  oscillations 
only,  are  completely  shorn  of  their  luminosity  by  D,  pass 
through  B  as  obscure  oscillations,  fall  upon  and  excite 
in  it  an  electric  current  that  moves  the  needle  at  G.  But  now 
turn  B  around  a  horizontal  axis,  as  shown  at  C  (but  in  the 
place  B  occupies),  until  the  Nicols  are  "  crossed  "  and  at  once 
the  vertical  oscillations  are  barred  and  the  needle  returns  to 
zero.  And  so  by  alternate  parallelism  or  crossing  of  the 
prisms,  passage  or  obstruction  is  produced,  as  shown  by  the 
corresponding  swing  or  return  of  the  needle. 

57.  Blectromagnetic  wayes.— The  polarization  of  elec- 
tromagnetic  waves  has  been  effected  by  a  procedure  similar 
to  the  foregoing,  only  that  suitable  electrical  means  were  em- 
ployed.  These  are  represented  in  Fig.  110;  A  and  B  arc  two 


Fio.  tio. 


parabolic  mirrors;  V  is  a  vibrator  and  R  a  resonator  placed 
vertically  in  the  focal  lines  F  and  F  of  their  respective  mir- 
rors; C  is  an  induction-coil  for  charging  the  vibrator  V,  In 
fact  the  apparatus  is  a  reproduction  of  parts  of  Figs.  76  and  77. 
When  a  spark  passes  in  V,  the  resulting  electric  oscillations 
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send  out  a  series  of  elect roniai^netic  waves  wliich  are  rellecled 
from  the  zinc-faced  mirror  .i,  and  thence  proceed  in  parallel 
rays  £,  toward  the  similar  mirror  B,  there  to  be  reflected 
again  and  broiii;ht  into  convergence  tipon  R,  whence,  if  the 
mirrors  be  placed  as  in  Fig^.  no,  with  both  focal  lines 
parallel,  a  responsive  spark  will  occur  in  K.  Now,  if  the 
mirror  B  be  gradually  turned  round  an  axis  parallel  to  the 
direction  of  the  rays  J£,  the  responsive  sparks  will  become 
fewer,  and  cease  altogether  when  the  focal  lines  V  and  F  are 
at  right  angles  to  each  other,  even  if  the  mirrors  be  moved 
close  together. 

Evidently,  the  rays  E  had  been  polarized  by  reflection  at 
the  mirror  A, 

To  show  this  in  another  way:  a  large  grating  G  was  pre- 
pared by  stretching  thin  wire  in  parallel  lines  from  side  to- 
side  of  a  frame;  the  mirrors  were  turned  with  their  focal  lines 

vertical  and  parallel;  the  wire  frame  was  placed  between  the 
mirrors,  perpendicularly  to  the  direction  of  the  rays  E,  with 
the  wires  in  a  dcfmite  direction  relative  to  tliat  of  the  focal 
lines  of  the  mirrors.  Thus  arranged,  tlie  responsive  sparks 
()assed  unabated  in  R;  but  when  the  direction  of  the  wires 
was  slowly  chancred  by  revolving  the  frame,  then  the  sparks 
began  to  fade,  and  ceased  entirely  when  the  angle  through 
which  it  was  turned  became  90''. 

This  is  the  exact  analogue  of  the  polarization  of  light 
illustrated  with  tourmaline  plates  in  Figs.  99  to  102. 

Again:  in  Fig.  108,  when  two  Nicol  prisms  are  "  crossed  " 
as  at  A  and  C,  none  of  the  polarized  light  which  leaves  A 
will  pass  through  C;  but  if  a  crystalline  plate  be  suitably  inter- 
posed between  the  **  crossed  "  Nicols,  its  axis  making  an 
angle  of  45^  with  their  long  diagonals,  this  plate  then  resolves 
the  ray  into  two  components  as  in  Fig.  92,  and  one  of  these 
6nd5  an  open  way  through  the  second  Nicol:  similarly,  and 
for  the  same  reason,  when  the  direction  of  the  wires  in  the 
frame  makes  an  angle  of  45*'  with  the  focal  tines  (the  latter 
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being  crossed  "  or  at  right  angles  to  each  other),  then 
sparks  occurred  in  R  in  response  to  primary  ones  in  F. 

This  was  further  illustrated  by  means  of  a  block  of  wood: 
placed  l^etwecn  the  **  crossed  "  mirrors,  with  the  direction  of 

its  L;:rain  making  an  an^le  of  45  with  tlie  focal  lines,  it  acted 
exactly  like  the  crystalline  plate  l)et\veen  the  "  crossed  " 
Nicols — resolved  the  rays  as  in  Fig.  92.  and  thus  one  com- 
ponent reached  tlie  second  mirror  parallel  to  its  local  line,  and 
was  conceniraunl  on  the  roonaior  /v,  causing  it  to  respond 
with  a  spark.  The  fibre  of  the  wood  was  to  the  elect roinac;- 
netic  waves  what  the  peculiar  crystallization  of  ihe  plate 
placed  between  the  Nicol  prisms  was  to  those  waves  of  ether 
that  produce  light. 

Section  Six :  The  Abeorption  of  WaTOs* 

58.  Periodic  motioiii  and  the  nunrement  resultliig  fxtm 
accord  of  period  of  two  bodies. — ^Absorption  may  be  said 
to  result  from  a  sympathetic  movement,  or  identity  of  period, 
of  two  bodies. 

Many  things  in  nature  have  a  definite  period  of  vibration: 
a  pendulum  swings  to  and  fro  in  a  certain  time  dependent  on 

its  length;  a  f)iano-W!re  has  a  specific  rate  of  vibration  due 

to  its  length,  weight,  and  tension;  an  organ-pipe  will  give 
out  an\  note  by  varying  its  height;  a  vessel  of  water  carried 
on  the  ln-ad  may  be  caused  to  ox  erllow  by  suitably  tituing  the 
steps  of  I  lie  carrier;  and  the  stout  framework  of  a  bridge  may 
be  sundered  by  the  measured  tread  of  an  army. 

If  two  clocks  whose  pendulums  are  the  same  length,  be 
set  up  against  a  wall  at  a  little  distance  apart,  and  one  set 
going,  the  other  remaining  stopped,  this  latter,  after  a  time, 
will  start,  too;  the  repeated  ticking  is  communicated  through 
the  wall  as  a  periodic  impulse,  and,  feeble  though  each  be, 
their  sum  produces  the  movement. 
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It  has  been  stated  that  a  column  of  air  in  an  organ-pipe 
gives  a  irmsical  note  (k'i)cii(lcnt  on  its  Iciii^th:  place  such 
a  pipe  over  the  Ikunc  of  a  L:as^i»urner,  and  pitch  the  voice  to 
the  period  of  the  tube,  the  tlame  will  burst  into  song;  silence 
the  flame,  and  sound  the  same  note  on  a  musical  instrument, 
again  the  flame  will  sing;  even  one  singing  (lame  will  start 
another  flame  into  unison  with  itself  when  covered  by  a  tube 
like  its  own;  but  none  of  these  effects  will  be  produced  by 
any  other  note  than  the  one  proper  to  the  tube.  It  is  the 
successive  waves  of  air  from  the  voice,  instrument,  or  active 
flame,  that,  falling  upon  the  quiescent  one,  cause  it  to  flicker 
regularly  and  start  similar  waves  in  the  column  of  air  over  it 
to  produce  the  responsive  note.  Similarly,  two  tuning-forks 
of  the  same  pitch  placed  on  their  sounding-boxes  a  little  dis- 
tance apart,  if  one  be  thrown  into  vibration  and  then  stopped, 
it  will  be  fountl  that  ihe  other,  which  hail  nut  l)ccn  touched, 
is  sounding  the  note  of  tlic  lirst:  if  either  be  loailctl  with  a 
piece  of  wax.  this  dcsiruys  their  identity  of  pitch  and  there 
will  be  no  interaction  wliatever. 

In  Hke  manner,  il  a  person  sings  loudly  into  an  open  piano, 
the  same  note  is  gently  returned  by  those  strings  which,  if 
struck  by  the  keys,  would  give  out  that  note.  And  to  carry 
the  illustration  further,  if  a  series  of  tuning-forks,  all  of  differ- 
ent pitch,  be  set  upon  a  sounding-board,  and  a  composite 
wave  of  sound — ^the  flnale  of  an  orchestra,  for  instance — 
sweep  through  them,  it  will  be  sifted  in  the  passage;  each 
fork  will  pick  out — absorb ^  those  vibrations  it  would  give 
itself,  if  struck,  and  only  those  will  pass  on  that  And  no  fork 
attuned  to  them. 

It  is  the  same  with  waves  of  ether:  they  reach  us  of  every 
form  and  of  varied  length  from  their  great  central  source — the 
Sun;  they  all  strike  upon  the  i)articles  of  matter;  some  find  one 
kind  of  atom  attuned  to  their  wave-length — some  another, 
and  accordingly  this  matter  gives  out  heat,  or  light  of  every 
hue.  or  is  shattered  into  its  chemical  constituents  to  form  new 
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combinations,  or  is  electrified,  or  mag^netizcd.  And  hence 
it  is  that  some  snijstances  arc  transparent — others  opaque; 
some,  ^ood  conductors  i)f  heat  and  electricity — others,  so 
bad.  as  to  l)c  called  iiisiilaiurs;  some,  so  sensitive  to  the 
actinic  wave  as  to  be  decomposed  by  its  slij^htest  ripple — 
others,  so  stable  that  only  the  most  violent  shocks  will  dis- 
rupt them;  some,  easily  receptive  of  magnetism — others,  re- 
sistent  to  a  degree  that  is  next  to  utter  exclusion.  It  is  all  a 
question  of  accord  or  discord  between  the  vibrations  of  the 
atoms  and  the  ether-waves  that  beat  upon  them.  Glass  is 
transparent  to  light-waves,  though  differing  in  length,  while 
it  is  opaque  to  the  longer  waves  of  obscure  heat  as  well  as 
to  the  shorter  ones  that  act  chemically;  a  solution  of  iodine, 
on  the  other  hand,  is  impenetrable  to  light,  while  giving  free 
passage  to  obscure  heat;  and  rock  salt  transmits  both  heat 
and  light  equally  well. 

If  a  red  ribbon  be  held  in  the  red  portion  of  the  solar 
spectrum,  its  color  will  be  intensified:  if  in  the  green,  or  blue, 
or  any  other  part,  it  will  ai:)i)ear  hiack;  if  a  green  ribbon  be 
held  in  the  green  of  the  .spectrum,  it  will  he  a  brighter  green, 
but  in  the  red  or  blue  it  will  l)e  black:  red  and  green  are  com- 
plementary colors,  thai  is.  one  allow  s  those  waves  to  pass  that 
the  other  absorbs,  hence  hotli  absorb  all  the  waves,  and  if 
used  together,  they  constitute  as  opaque  an  obstacle  to  light 
as  a  plate  of  iron.  A  black  ribbon  al)sorbs  all  the  visual  waves 
just  as  red  and  green  ribbons  do  jointly. 

It  is  the  waves  that  are  reflected  back  to  the  eye  that  give 
the  substance  its  color:  those  that  are  absorbed,  augment  the 
molecular  vibration  of  the  body  which  then  feels  warmer  to 
the  touch,  as  when  the  red,  or  the  green,  or  the  black  ribbon 
is  placed  in  the  spectrum;  or  else  these  absorbed  waves  are 
stored  energy,  like  a  wound-up  watch,  to  become  apparent 
as  i)horescence  or  fluorescence  at  some  future  time;  or 
they  do  chemical  work,  as  when  the  carbon  is  torn  from  the 
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oxygen  of  carbonic  acid,  to  form  the  woody  structure  of 
plants. 

But  a  substance  must  have  some  thickness  in  order  to 
quench  enough  waves  to  give  it  color:  a  thin  stratum  of  ale 
is  as  colorless  as  distilled  water,  whereas  a  glassful  has  an 
amber  hue.  and  water  some  feet  in  depth  acquires  a  bluish- 
green  tint. 

A  violet  is  blue  because  it  absorbs  all  the  longer  waves  of 
composite  light  and  a  geranium  is  red  because  it  absorbs  all 
the  shorter  ones,  both  species  of  flower  reflecting  to  the  eye 
those  waves  that  give  it  distinctive  color.  But  the  blue  of  the 
sky  is  not  due  to  absorption,  but  to  reflexion — by  the  infini- 
tesimal motes  of  distant  space  which  turn  back  upon  our  eyes 
the  sliort  blue  waves;  while  the  crimson  glow  of  morning 
and  evening  is  transmitted  light,  the  long  red  waves — the 
short  ones  being  dissipated  in  atmospheric  regions  as  a  suc- 
cession of  rebounding  echoes. 

Thns  every  substance  has  a  preference  in  the  exercise  of 
its  absorptive  powers,  selecting  some  waves  and  rejecting 
others;  as  before  stated,  it  is  a  matter  of  accord  or  discord 
between  the  wave  and  the  molecules  of  the  substance,  just  as 
in  the  case  of  the  swing  and  the  timid  impulses  to  it,  or  the 
tuning-fork  responsive  to  one  of  like  pitch  in  vibration. 

59.  Spectniin  aiuUysls  and  the  absoiptioii  of  light 
wayes. — By  suitable- means,  every  substance  may  be  reduced 
to  a  state  of  vapor;  sulphuric  ether  volatilizes  in  air,  water 
becomes  steam  at  212**,  and  brass  is  converted  into  a  gaseous 
bo<ly  in  the  electric  arc.  As  a  \  afjor,  the  molecules  of  a  sub- 
stance enjoy  great  freedom  of  movement- — they  spread 
throughout  space,  or  draw  together  under  any  pressure:  they 
dart  back  and  forth  in  every  j^ossihle  direction,  colliding,  re- 
coiling, shouting  on  again  throni;li  open  vistas,  or  bonil>ard- 
ing  the  walls  of  the  containing  vessel.  Rut  a  vapor  is  onlv 
the  minute  subdivision  of  a  substance — it  is  composed  of 
molecules,  and  these  of  atoms:  the  molecule  of  water  consists 
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of  atoms  of  oxygen  and  hydrogen;  that  of  brass,  atoms  o£ 
zinc  and  copper;  and  that  of  ether,  carbon,  oxygen,  hydro- 
gen, and  sulphur.  The  atoms  are  the  elements  of  matter  that 

admit  of  nu  lurilur  subdivision  or  simplification;  they 
pro1>al)1v  of  different   >\7x>  and   uiiduubtcdly  of  different 
weights— ihe  den.ie  i>latinuin  cannot  be  of  the  same  atomic 
weight  as  the  light  aluminimi  or  still  litifhter  hydroij^en. 

Whether  wholly  free  from  other  atoms,  or  chemically 
bound  to  one  or  several,  each  atom  has  its  own  proper  vibra- 
tion, differing  in  period  and  character  from  that  of  every  other 
atom. 

Between  atoms  chemically  combined  there  are  two  in- 
fluences— one,  vibration,  urging  them  apart,  the  other, 
attraction,  drawing  them  into  closer  union,  and  the  balance 
of  these  constitutes  the  stability  of  the  molecule.  Whatever 
destroys  this  balance,  decomposes  the  molecule  and  sets  its 
atoms  free  to  form  new  combinations — a  chemical  reaction. 
Suppose  a  flood  of  sunlight  to  stream  into  a  vaporous  mass: 
it  is  not  a  simple  billow,  but  a  complex  host  of  waves  of 
varied  size  and  length  travelling  on,  commingled;  among 
them  there  are  some  whose  periods  coincide  with  the  vibration 
of  some  of  the  atoms- — ihey  tall  upon  such  alums  as  limed 
impulses  and  eventually  swinc^  them  free  from  their  partners. 

f)iie  can  easily  imagine,  for  instance,  the  quick.  >liort 
waves  beatiuL;  upon  the  liijht  atoms  of  oxygen  and  hyilroi^eii 
in  sulphuric  ether,  and  impanini^^  to  them  such  \  ioleiit  motion 
that  they  pass  beyond  the  Innit  of  attraction  and  are  thus 
rent  eiuirely  from  the  heavy  sulphur  and  carbon. 

It  is  like  a  succession  of  moderate  waves  sweeping  the 
deck  of  a  ship — they  do  not  much  disturb  the  hull  itself,  but 
small  articles  in  their  course  are  carried  further  and  further 
by  each  wave  until  finally  they  are  washed  overboard — and 
the  lightest  go  first. 

The  sunlight  flooding  the  vaporous  mass  is  like  a  com- 
posite wave  of  sound  flowing  through  an  assemblage  of  tun- 
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ing-forks— each  atom  picks  out  its  sympathetic  wave  just  as 
the  fork  does  its  own  musical  note.  And  this  accord  between 
ether-waves  and  atoms  results  in  absorption  of  wave-motion. 

The  same  is  true  of  Light,  and  indeed  it  forms  the  basis 
of  Spectrum  Analysis  which  thus  becomes  ^)re-eminently  an 
example  of  the  absorption  of  wave-motion.  Every  atom 
being  in  a  state  of  vibration,  the  result  is,  that  the  i;i  cat  ocean 
of  ether  in  which  all  matter  is  cnibeddecl,  is  forever  surginj^ 
with  waves  of  (UfTerent  lenji^ths;  the  period  of  vibration  is 
peculiar  to  tlie  kind  of  atom,  and  that  of  one  element  differs 
from  every  other— sodium  from  carbon,  silver  from  iron, 
*  nitrogen  from  chlorine.  Upon  the  period  of  vibration  de- 
pends the  wave-length,  and  n|)on  this  the  sensation  of  color 
it  produces,  so  that  each  kind  of  atom,  when  intensely  heated 
in  a  state  of  vapor,  sends  out  waves  of  one  or  more  definite 
lengths,  which  invariably  produce  the  single  color  or  group 
of  colors  proper  to  those  wave-lengths,  just  as  a  tuning-fork 
emits  a  definite  note,  or  one  with  its  harmonics. 

In  free  ether,  waves  of  all  lengths  travel  with  the  same 
velocity,  but  on  entering  matter  they  are  variously  retarded. 
This  difference  in  retardation — ^in  reality,  refraction — ^affords 
a  means  of  separating  the  commingled  waves  by  passing 
them  through  a  prism. 

Fig,  Tii  illustrates  the  apparatus  used  by  physicists  to 
perform  the  experiments  upon  which  the  forei;oiiig  state- 
ments are  based:  A  and  are  the  caribous  of  an  electric 
arc-light  placed  within  a  camera;  /?  is  a  lamp  capa1)le  of  giv- 
ing a  very  inten>c  tlamo:  R.  a  lens;  and  P,  n  prism.  First, 
conceive  everything  renKned  except  the  camera  itself;  then 
the  light  issuing  from  its  aperture  L,  encountering  neither 
lamp,  lens,  nor  prism  in  its  path,  will  fall  directly  upon  a 
screen  at  F,  Place  a  bit  of  silver  in  the  hollow  of  the  lower 
carbon  and  draw  down  the  upper  one  until  the  current  spans 
them:  soon  the  silver  will  be  reduced  to  a  vapor  that  streams 
from  the  lower  to  the  upper  carbon  in  an  arc  that  forms  a 
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green  image  at  F.  Interpose  the  prism  in  the  path  of  these 
rays,  and  the  spectrum  of  silver  will  thereby  be  thrown  upon 
the  screen  at  KK\  it  consists  of  two  green  bands  of  a  certain 
hue,  and  which  arc  therefore  due  to  waves  of  definite  length. 

Remove  all  vestige  of  the  silver  vapor,  and  place  a  bit  of 
copper  on  the  lower  carbon;  it,  too,  gives  green  bands  as 
a  spectrum  when  vaporized,  but  they  are  of  a  different  shade 
from  those  of  silver,  and  hence  are  due  to  waves  of  a  different, 


Fig.  III. 


though  definite,  length  from  the  waves  emanating  from  the 
silver  atoms.  Similarly,  sodium  gives  a  yellow  band  for  its 
spectrum;  zinc,  red  and  blue  bands;  and  brass — a  compound 
of  zinc  and  copper — j^ives  the  characteristic  colored  bands  of 
these  two  metals.  And  every  elenieiuary  substance  placed 
successively  on  tlie  lower  carbon,  when  re^hiced  to  vapor, 
gives  a  distinctive  spectrum — one  or  more  l)ands  or  lines  of 
clear,  bright  color,  separated  from  each  other  by  dark  spaces; 
and  these  colored  1ine<  are  characteristic  of  the  element. 

Finally,  pierce  the  lower  carbon  with  a  number  of  small 
holes  and  fill  them  with  different  metals  or  other  elementary 
substances;  when  vaporized  and  the  light  passed  through  the 
prism,  a  spectrum  will  be  obtained,  containing  all  the  colors 
of  every  substance  used,  each  band  or  line  in  its  proper  place 
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without  confusion,  as  if  its  element  alone  existed  in  the  vapor 
state. 

A  white-hot  solid  gives  a  spectrum  similar  to*  that  of  the 
sun — a  continuous  band  of  color,  one  shade  blending  into 
another,  from  brightest  red  to  deepest  violet. 

Conversely,  the  waves  liiai  i.i  attMii  of  any  substance  will 
engender  in  the  ether  when  vibrating  as  incandescent  vapor 
— tiicsc  very  waves  will  that  same  atom  ahsorh,  if  they  beat 
upon  it  from  some  other  source,  which  necessarily  is  of  like 
nature. 

Recurring  to  Fig.  iii,  bring  the  carbons  together  until 
the  current  between  them  creates  a  dazzling  white  arc, 
no  foreign  substance  being  present;  remove  the  lamp  B,  leav- 
ing the  lens  E  and  prism  P  in  place:  then  the  white  light 
streaming  through  the  aperture  L  of  the  camera  and  falling 
upon  the  prism,  will  t>e  resolved  into  its  component  colors 
which  will  appear  at  SS  as  a  continuous  band,  color  blending 
into  color,  without  break  or  dark  lines  of  any  kind. 

Put  the  lamp  B  in  the  path  of  this  white  beam,  as  shown  in 
the  figure,  and  introduce  into  its  flame  a  bit  of  sodium:  in- 
stantly, when  vaporized,  a  black  line  D  will  appear  in  the  yel- 
low region  of  the  brilliant  spectrum;  mark  the  location  of 
this  l)lack  line  upon  the  screen,  and  remove  the  camera;  the 
whole  spectrum  disappears,  while  the  black  line  turns  into  a 
brilliant  yellow — the  characteristic  color  of  the  sodium  that 
is  still  burning  in  the  lamp.  liring  back  the  camera  and  re- 
move the  lamp — the  spectrum  returns  but  with  no  black 
line;  put  the  lamp  in  place  and  the  line  appears,  and  these 
alternations  may  be  carried  on  as  long  as  sodium  vapor 
bums  in  the  lamp. 

Repeat  the  experiment  with  a  pellet  of  potassium,  atid  it 
will  be  found  that  a  black  line  M  in  the  red  region  of  the 
bright  spectrum  conjointly  with  another  black  one  N  tn  the 
purple  region,  will  appear:  on  removal  of  the  camei^,  these 
black  lines  become  red  and  purple  respectively — they  are  the 
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characteristic  Ijright  lines  of  the  potassium  vaporized  in  the 
flame.  And  the  experiment  mij^ht  be  continued  with  every 
elementary  substance  with  similar  results;  and  to  such  extent 
that  if  all  the  elements  were  vaporized  together  in  the  lamp, 
the  brilliant  spectrum  from  the  arc-light  would  be  furrowed 
by  an  infinity  of  black  lines,  and  these,  if  the  camera  were  re- 
moved and  the  arc-light  spectrum  thereby  suppressed,  would 
flash  out  into  brilliant  colors — the  characteristic  indices  of 
the  incandescent  vapors. 

The  deduction  is  inevitable:  the  atoms  of  vapor  in  the 
lamp  were  vibratini;  in  certain  periods;  the  waves  of  ether 
sent  uiu  by  the  white-hot  carbons  were  of  cvcrv  possible 
lenqth;  some  coincided  in  period  with  the  atoms  and  were 
a])>orl)C(l  In'  them,  just  as  the  penihihini  alfsorhs  the  timed 
impulses  given  it;  and  tlicsc  ahsnrhi-d  waves  ieft  void  spaces 
which  appeared  as  Ijhick  lines  in  the  brilliant  spectrum  formed 
by  the  remaining  waves  from  the  carbons  which  passed  on 
without  interruption.  But  if  the  vapor  in  the  lamp  be  so  hot 
that  it  emits  more  intense  waves  than  it  absorbs  from  the 
carbon  source,  its  lines  on  the  spectrum  will  be  brighter  than 
the  region  of  color  in  which  they  fall;  if  the  emission  and 
absorption  are  equal,  no  change  will  be  apparent  in  the  spec- 
trum; while  it  is  only  when  the  vapor  emits  fewer  waves  than 
it  absorbs  that  the  black  lines  appear. 

The  spectrum  of  the  Sun  is  full  of  black  lines:  by  suc- 
cessively projecting  beside  it,  by  suitable  means,  the  spectra 
of  different  metals,  their  bright  lines  coincide  exactly  in  posi- 
tion witli  certain  of  these  black  solar  lines.  As  it  has  just  been 
sho\v!i  that  colored  lines  can  be  produced  only  by  definite 
\\  a\  es.  and  that  the  absence  of  these  waves  leave  ]>lack  spaces 
where  the  bright  liries  were,  hence  it  is  inferred  that  a  similar 
state  of  affairs  exists  in  the  Sun  as  with  the  arc-light  and  the 
vapor  in  the  lamp-flame. 

The  Sun  consists  of  a  white-liot  mass  within  a  rind  of 
vapor:  the  core  alone  would  give  a  brilliant  spectrum  with- 
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out  any  black  lines,  but  its  light  having  to  pass  through  the 
vapor,  is  shorn  of  certain  waves — the  atoms  of  the  vapor  ab- 
sorb more  waves  than  they  emit — and  hence  the  black  lines 
in  every  solar  spectrum;  on  the  other  hand,  the  surrounding 
peel,  free  from  the  core,  would  give  the  characteristic 
bright  lines  of  all  the  metallic  vapors  that  form  it  Thus  does 
the  material  of  not  only  the  Sun  but  of  the  most  distant  stars 
become  known  by  means  of  their  spectra;  and  the  under- 
I\  ing  principle  of  this  extensive  analysis  is  al)sorption  of  wave- 
motion — accortl  l)ei\veen  atom  and  wave. 

The  foregofng  are  the  salient  features  of  spectrum  analy- 
sis, and  while  they  suffice  for  the  object  in  view,  namely,  to 
illustrate  the  al)S()rption  of  wave-niutiun.  still  they  aUurd  hut 
a  partial  view  of  the  subject;  it  is  not  so  simple  as  the  state- 
ments made  would  imply,  and,  to  present  it  more  definitely,  a 
few  of  the  complexities  must  now  be  mentioned. 

"  Nearly  twenty  years*  work  has  brought  perfect  harmony 
between  laboratory,  solar,  and  stellar  phenomena.  It  has 
proved  beyond  all  question  that  not  only  are  both  fluted 
spectra  and  line-spectra  visible  in  the  case  of  most  of  tlie  ele- 
ments, but  that  many  of  the  metallic  elements  have  at  least 
two  sets  of  lines  accompanying,  if  not  resulting  from,  the  ac- 
tion of  widely  differing  temperatures.  .  .  .  The  different 
chemical  elements  behave  very  differently  in  regard  to  the 
action  of  heat  and  electricity  upon  them  as  we  pass  from  the 
solid  to  the  liquid  and  vaporous  forms.  ...  In  ilie  cases  in 
which  heat-energy  can  go  so  far.  we  first  get  an  increase  in 
tlie  free  path  of  the  molecules,  and  ultimalclv  the  lailer  are 
made  to  vibrate.  In  the  case  of  electricity,  increa-e  cf  free 
path  is  scarcely  involved,  and  hence  we  mav  ha\c  effects 
similar  to  those  produced  by  high  temperature,  with  scarcelv 
perceptible  effects  of  heat  in  the  ordinary  sense.  .  .  .  W  e 
now  know  that  many  elements  present  changes  at  several 
widely  differing  stages  of  heat.  The  line-spectra  of  elements 
like  sodium,  lithium,  and  others  may  be  obtained  by  the  heat 
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oi  the  flame  ol  a  spirit-lamp,  or  a  Bunsen's  burner.  This  tem- 
perature has  no  effect  upon  iron  and  similar  metals:  to  get 
any  spectral  indications  from  them,  a  higher  temperature — 
the  blow-pipe  flame — must  be  resorted  to.    We  ,q:ct  in  this 
way  what  is  called  a  '  Hame-spectrum/  in  which  flutings  and 
-  some  lines  are  seen.   In  order  to  obtain  the  complete  line- 
spectra  of  some  of  the  less  volatile  metals,  like  iron  and  cop- 
per, we  are  driven  to  use  electrical  energy  and  employ  the 
voltaic  current  and  metallic  poles  which  are  so  strongly 
heated  by  the  passage  of  the  current  that  the  vapor  of  the 
metal  thus  experimented  on  is  produced  and  rendered  incan- 
descent.    We  may  say  generally  that  no  amount  of  heat- 
energy  will  reiulcr  visible  the  spectra  of  gases.    These  arc 
obtained  by  enclosing  the  i^ases  in  glass  tubes  and  illuminat- 
ing tlieni  by  means  of  an  electric  current:  the  ordinarv  voltaic 
current  used  in  laboratories  is  equally  inoperative.    W  e  must 
have  the  induced  current,  and  with  different  tensions,  dif- 
ferent spectra  are  produced.  Heat-cncrgy,  which  does  give 
us  line-spectra  in  some  cases  when  metals  are  concerned,  fails 
us  in  the  case  of  permanent  gases  and  many  metals.  A  voltaic 
current  gives  us  spectra  when  metals  are  in  cjuestion,  but, 
like  heat-energy,  it  will  not  set  the  particles  of  the  perma- 
nent gases  vibrating.  But  when  both  metals  and  the  perma- 
nent gases  are  subjected  to  a  strong  induced  current — that 
is,  a  current  of  high  tension  when  an  induction-coil  with 
Leyden  jars  and  an  air-break  are  employed,  we  get  this  vi- 
bration; gases  now  become  luminous,  a  distinct  change  in 
the  spectra  of  the  metals  is  observed,  a  change  as  well  marked, 
or  perhaps  better  marked,  than  any  of  the  previous  lower 
temperature  changes.    \\  hen  the  tension  is  still  further  in- 
creased, the  tlifferences  in  the  spectra  are  most  marked  in  the 
case  of  gases  for  ilie  reason  that  being  enclosed  in  tubes, 
they  cannot  escape  from  the  action  of  the  current.  .  .  .  The 
individuality  of  the  various  chemical  elements  comes  out  in  a 
remarkable  manner.  To  take  one  or  two  instances;  Hydro* 
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ffen  ^ives  us  what  is  termed  a  siriicture-specirum,  a  spectrum 
full  uf  lines;  this  changes  to  a  scries.  Oxyf^cn  gives  us  series 
wiiich  change  into  a  cooipHcated  line-speciruin  in  which  no 
series  has  l)een  traced.  Nitrogen  gives  us  a  tinted  spectrum 
which  changes  into  a  c(>nii)]icate(l  line-spectrum,  in  tlie  case 
of  magnesium,  iron,  and  calcium  the  changes  ohserved  on 
passing  from  the  temperature  of  the  arc  to  that  of  the  spark 
have  been  minutely  observed.  In  each,  new  lines  are  added 
or  old  ones  are  intensified  at  the  higlier  temperature.  Such 
lines  have  been  termed  enhanced  lines.  .  .  .  The  enhanced 
lines  are  very  few  in  number  as  compared  with  those  seen 
at  the  temperature  of  the  arc.  In  the  case  of  iron,  thousands 
are  reduced  to  tens.  If  we  include  the  non-metals,  more 
stages  of  temperature  are  required,  and  it  then  becomes  evt* 
dent  that  different  kinds  of  spectra  are  produced  at  the  same 
temperature  in  the  case  of  different  elements;  in  other  words, 
at  many  difTerent  heat-levels  changes  occur,  always  in  one 
dircctiun  but  differing  wiilely  for  dillerenL  substances  at  the 
lower  temperatures.  At  the  highest  temperatures — al  the 
limit,  there  is  much  greater  constancy  in  the  ]>henomena  ob- 
ser\eil.  ii  we  disregaril  the  (question  of  series.  .  .  .  Pho- 
tugrai)hs  of  the  I'liJiaiitcii  lines  have  been  obtained  by  the  use 
of  a  large  iniluction-coil.  giving  a  40-inch  spark.  .  .  . 

**  The  way  in  which  the  enhanced  lines  have  been  used, 
is  as  follows:  Those  belonging  to  some  of  the  chief  metallic 
elements  have  been  brought  together,  and  thus  form  what  I 
have  termed  a  *  test-spectrum.'  This  has  been  treated  as  if  it 
were  the  spectrum  of  an  unknown  element  and  it  has  been 
compared  with  the  various  spectra  presented  by  the  Sun  and 
Stars. 

"  I  may  here  say  that  the  test-spectrum  turns  out  to  be 
practically  the  spectrum  of  the  chromosphere;  that  is,  the 
spectrum  of  the  hottest  part  of  the  Sun  that  we  can  get  at, 

and  that  a  star  has  been  found  in  which  it  exists  almost  a1one» 

nearly  all  the  lines  of  which  had  previously  been  regarded 
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as  *  uiiknowii.'  This  last  result  is  of  the  highest  order  of  im- 
ijoriance  because  it  should  carry  conviction  lionic  to  many 
who  were  not  satisticd  with  the  chan^x'  of  spectrum  as  seen 
in  a  laboratory,  where,  of  course,  the  enhanced  lines  when 
seen  in  tiie  spectrum  of  the  center  of  the  spark  have  along- 
side them  the  lines  in  the  spectrum  of  the  outer  envc!oi»c. 
which  of  course  is  cooling,  and  in  which  the  finer  molecules 
should  reunite.  .  .  .  The  enhanced  lines  in  the  test-spec- 
trutn  actually  include  all  those  lirst  studied  years  ago  when 
exerything  was  dim  and  we  were  seeing  through  a  glass 
darkly;  not  as  we  are  now,  f^ce  to  face.  .  .  .  One  advan- 
tage of  this  method  of  treatment  is  that  it  shows  that  the  im- 
mense mass  of  evidence  now  available  supports  all  the  con- 
clusions drawn  from  the  meagre  evidence  available  a  quarter 
of  a  century  ago.  .  .  .  Finally,  then:  the  similar  changes  in 
the  spectra  of  certain  elements,  changes  observed  in  labora- 
tory, Sun,  and  stars  are  simply  and  sufficiently  explained  on 
the  hypothesis  of  dissociation.  If  we  reject  this,  so  far  no 
other  exi)lanalion  is  forthcoming  wliich  coordinates  and 
harmonizes  the  results  obtained  along  the  ditfcrent  lines  of 
work."    (Sir  Norman  T.ockycr.) 

To  understand  the  scope  and  significance  of  the  con- 
cluding remark,  a  little  explanation  is  necessary:  Karly 
exi)eriment  warranted  the  deduction  that  the  spectrum 
of  an  element  was  always  one  and  invariable,  and 
perfectly  representative  of  the  element;  further,  that 
solids  gave  continuous  spectra  and  gases  discontinuous 
ones.  But  later  research  has  caused  a  modification  of 
these  inferences.  Not  only  do  the  spectra  of  substances 
change  at  different  degrees  of  heat,  but  many  of  them  form 
groups  according  to  their  new  aspects:  some  present  the 
appearance  of  fluted  columns,  others  of  clear-cut  lines,  and 
both  may  be  further  classified  according  to  rythmic  series  or 
irregularly  spaced  intervals.   Solids  equally  with  gases  pro- 
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<]uce  absorption  spectra,  as  the  discontinuous  spectra  are 
called. 

All  this  body  of  evidence  required  a  recasting  of  the  con- 
ceptions of  elementary  substances.  The  original  idea— one 
spectrum  for  each  substance — ^pointed  to  a  distinct  individu- 
ality for  each  chemical  element;  but  the  new  analysis  indi- 
cates nothing  less  than  an  assault  upon  this  position. 

I  have  nowhere  seen  an  explicit  statement  of  the  dissocia- 
tion doctrine,  but  if  I  infer  it  aright  from  stray  hints,  it  is  this: 
that  there  is  only  one  primordial  substance;  that  at  successive 
stages  of  coolness  particles  of  this  associate  to  form  tlie  vari- 
ous chemical  elements  we  now  consider  the  primaries  of  na- 
ture; and  tliat  when  !icat  or  some  other  form  of  ener^j^v  is 
apj)lie(l  to  a  complex  substance,  it  f^adually  becomes  simpler 
• — dissociation  of  the  particles  takes  place,  until  at  the  hij^hcst 
limit  f)f  the  enerj^v  at  onr  command,  tlie  simjjlicity  of  the  spec- 
trum attained  is  an  index  of  the  primitive  condition  of  matter. 
To  illustrate,  consider  a  compound  of  several  substances — 
sodium,  sulphur,  tin,  lead,  aluminium,  and  copper:  apply  heat 
to  the  mass;  sodium  melts  first,  at  90°  C,  then  sulphur  at 
114**,  next  tin  at  232**,  lead  follows  at  326**,  eventually  alu- 
minium at  654**,  and  finally  copper  at  loSi"*;  vaporization  of 
■esLch  follows  also  a  gradation  of  heat,  and  it  is  evident  that 
the  spectrum  of  the  compound  changes  as  the  gases  of  the 
different  elements  are  thrown  into  a  state  of  vibration,  or 
as  the  substance  becomes  less  complex — as  dissociation  pro- 
gresses. 

On  reversing  the  process — cooling — the  particles  recom- 

bine  in  differing  numbers  and  variety  of  structure  tu  form 
the  original  elements  of  the  compound. 

The  nebular  theory  of  the  universe  is,  that  originally  all 
matter  was  evenly  ditTused  throughout  space  in  small  par- 
ticles— as  vapory  masses  or  nul)uLT.  and  that  successive  ag- 
gregations of  this  formed  Sun,  stars,  and  planets. 

"  The  spectroscope  found  among  celestial  objects  some 
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which  were  truly  clouds  of  incandescent  gas:  .  .  .  these 
gaseous  clouds  were  of  the  siiiii)lcst  composition;  hydroj^en 
aiul  nitroL;en  were  their  chief  constituents;  how,  then,  could 
a  world  like  ours  originate  from  them?  .  .  .  From  nebula  to 
planet  there  is  a  rej^ular,  progressive  order  of  chemical  com- 
plexity. The  nebulae  are  simple;  in  the  hotter  stars  a  few 
more  elements  appear;  more  still  can  be  detected  in  colored 
stars  and  the  Sun;  but  the  planets^  represented  by  our  Earthy 
are  most  complex  of  all. 

"  So  far  the  facts;  the  scientific  imagination  now  comes 
into  play. 

"  If  suns  and  planets  were  derived  by  a  process  of  con- 
densation from  such  nebulae  as  exist  to-day,  perhaps  the 
process  of  evolution  was  attended  1)y  an  evolution  of  the 
chemical  elements  themselves.   Upon  that  supposition  the 

facts  become  intellija^ible;  without  it  the  evidence  is  not  easily 
coordinated.  This  him,  toi^ether  witli  the  sujji^csiions  of- 
fered by  the  periodic  law,  has  made  chemists  more  ready  to 
consider  the  probable  unity  of  matter,  even  thoug^h  actual 
proof  for  or  against  the  coiicei)tion  has  not  vet  been  attained. 
That  the  chemical  elements  are  absolute  and  tinal  few  think- 
ers of  to-day  l>elieve;  the  drift  of  opinion  is  mainly  in  one 
direction,  but  no  element  has  yet  been  decomposed  or  trans- 
muted into  another."   (Prof.  F.  W.  Clarke.) 

60.  Absorption  of  electromagnetic  waves. — Substances  * 
have  the  power  of  selective  absorption  and  to  it  is  due  their 
color.  A  brick  wall  or  mass  of  pitch  absorbs  all  light-waves, 
but  offers  no  obstacle  to  the  electric  ray;  while  a  sheet  of 
water  transmits  light,  but  bars  the  passage  to  all  electric 
waves — absorbs  them. 

The  discharge  of  a  Leyden  jar  is  a  surging  back  and  forth 
between  the  knobs,  as  has  been  experimentally  proved  by  re- 
duciner  the  frequency  of  oscillation  within  the  limits  of  both 
vision  and  audibility. 

A  tiny  jar  heavily  charged  will  give  very  rapid  surgings; 
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but  by  enlarging  the  jar  and  lengthening  the  circuit  the  oscil- 
lations become  slower:  by  this  means  they  have  been  slowed 
down  to  such  number  as  to  produce  a  musical  note,  and  while 
this  was  sounding,  a  mirror  suitably  revolved,  exhibited  the 
passing  sparks  as  a  serrated  band  of  light  just  like  that  af< 
forded  by  a  singing  flame.  Each  spark  causes  a  sudden 
thrust  of  heat,  as  it  were,  into  the  air,  and  being*  periodic, 
there  is  a  consequent  rarefaction  and  compression — a  wave- 
motion  of  the  air — which  causes  the  musical  sound.  At  the 
same  time  the  surging  from  knob  to  knob  sends  out  waves 
into  the  ether — electromae^netic  waves — which  are  prone  to 
excite  movement  in  any  Ixxly  susceptible  to  their  action  and 
whose  period  of  oscillation  corresponds  to  their  own. 

if  this  body  be  another  Leyden  jar  attuned  to  the  dis- 
charging one,  the  waves  falling  upon  it  (Uke  waves  of  air  from 
a  violin  upon  a  S3rmpathetic  piano-wire)  will  excite  surgings 
in  it  until  their  accumulated  force  bursts  forth  as  a  spark — 
the  visible  evidence  of  the  absorption  of  electric  waves.  If 
this  second  jar  be  thrown  out  of  harmony  with  the  first,  by 
varying  its  size  or  the  length  of  the  circuit,  it  will  no  longer 
respond;  so  that  the  effect  is  wholly  due  to  accord  between 
>ar  and  jar,  and  hence  necessarily  between  jar  and  wave,  and 
thus  it  reduces,  as  in  the  case  of  heat,  light,  and  chemical 
action,  to  absorption  of  wave-motion. 

6i,  Absorption  of  magnetic  wares. — Sn])[)ose  a  large  bar- 
magnet  to  be  suspended  by  a  fine  wire  attached  to  its  center 
of  gravity,  and  [)r()\ided  with  a  slithng  weight  for  counter- 
acting the  natural  dip  of  tiie  locaHty:  when  this  wei^lit  is 
adjusted,  the  magnet  will  hang  so  (juietly  that  the  luiaided 
eye  will  scarcely  percei\e  its  small  motion.  Xow  at  the  dis- 
tance of  several  feet  hold  another  powerful  magnet  and  move 
it  to  and  fro  in  the  <lirection  of  the  suspended  one;  this  will 
begin  to  move,  and  by  harmonizing  the  motion  of  the  hand 
with  that  of  the  suspended  magnet,  the  latter  will  soon  ac- 
quire oscillatory  movement  over  a  large  arc. 
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When  this  is  accomplished,  break  the  accord  of  motion 
and  turn  it  into  complete  discord  by  moving  the  hand  toward 
the  suspended  magnet  when  it  is  approaching:  this  will  very 
soon  bring  the  suspended  magnet  to  rest.  The  whole  move* 
ment  is  identical  with  what  would  occur  if  an  elastic  thread 
were  attached  to  the  suspended  magnet  and  a  person,  stand- 
ing at  the  same  distance  as  before,  jerked  it — ^gently  at  first, 
then  more  and  more  in  unison  with  the  swing  of  the  magnet, 
until  it  had  acquired  full  motion;  and  then  suddenly  changed 
the  jerks  to  oppose  the  oscillation.  But  no  thread,  or  other 
material  whose  existence  can  be  proved,  intervened,  and  yet 
can  it  be  doubted  that  tliere  was  just  as  real  a  connection  be- 
tween the  liand  magnet  and  the  swinL^in^  magnet  as  if  a 
string;:  united  them?  Not  only  was  there  a  niedinm.  but  the 
motion  set  up  in  it  was  wave-motion:  both  maL,nicts — that 
suspended  and  that  held  in  the  hand — sent  out  a  wave  of  ether 
every  time  they  moved;  when  these  waves  had  the  same 
phase,  as  in  the  case  of  accord,  the  suspended  magnet  ab- 
sorbed them  and  moved  in  sympathy — ^a  case  of  waves  con- 
spiring; and  when,  the  waves  were  in  opposite  phase,  there 
was  discord,  complete  interference  of  wave-motion  and  hence 
resulting  quietude  of  the  swinging  magnet — ^the  analogue  of 
silence,  darkness,  and  smoothness  when  waves  of  sound,  light, 
and  water  interfere.  If  a  partition  of  wood,  or  stone,  or  clay, 
or  almost  any  other  substance  had  been  erected  between  the 
person  and  the  suspended  magnet,  it  would  constitute  no 
barrier — the  waves  of  ether  that  produce  magnetic  effects 
would  pass  as  freely  through  them  and  move  the  magnet  on 
the  other  side,  as  certain  other  waves  of  ether  pass  through 
glass  and  stir  tlie  eye  to  light:  but  if  a  wall  of  iron  arises,  it 
arrests  ilie  magnetic  waves  as  completely  as  a  wall  of  stone 
would  light. 

62.  Absorption  a  pheoomenon  peculiar  to  wave-motion. 
— The  movement  as  sound,  as  heat,  and  as  light  that  one 
body  takes  up — ^absorbs,  from  another  to  which  it  is 'attuned. 
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IS  clearly  a  wave-movement;  so  is  the  electric  resonance  be- 
tween Leyden  jars;  and  so  also  is  the  correspondence  of  a 

suspended  magnet  to  another  waved  by  the  hand,  for  it  is  the 
parallel  of  a  swing  moving  under  timed  impulses,  which  is 
a  veritable  periodic  movement. 

A  simple  motion  of  rotation  or  translation  could  never 
be  ahsorl)ed;  either  would  merely  urge  a  body  in  the  direc- 
tion of  its  own  progress. 

It  is  not  asserted  that  wave-motion  only  produces  electric 
and  magnetic  effects,  but  that  this  motion  does  produce  them. 
Water  has  motion  of  translation  in  the  swift  current,  and 
rotation  in  the  whirlpool;  air,  al-o  moves  forever  in  the  same 
direction  as  the  Trade-winds,  or  circles  round  in  the  cyclone: 
but  with  neither  kind  of  movement  can  absorption  and  inter- 
ference occur;  they  do  occur,  however,  in  the  phenomena  of 
heat,  light,  chemical  action,  electricity,  and  magnetism,  for 
which  the  ether  is  the  medium,  and  hence  there  are  waves  in 
the  ether,  and  electric  and  magnetic  effects  are  produced  by 
them.  To  be  sure  the  antecedent  motion  of  the  electric  and 
magnetic  waves  cited  is  itself  periodic;  but  this  is  also  the 
case  with  sound,  heat,  and  light. 

Even  the  electric  current  called  "continuous"  is  but  an 
infinity  of  short  waves  tlowing  from  oi)j)ositc  directions  into 
the  commutator;  the  alternating  current  is  obviously  peri- 
odic; so  is  the  telephonic  message,  and  the  spark  from  an 
induction-coil.  The  waves  excited  by  a  swinging  magnet  are 
those  with  which  this  Treatise  is  most  concerned,  for  they  are 
the  ones  produced  by  the  rolling,  pitching — swinging,  of  the 
magnetic  ship  around  the  compass-needle. 

On  the  other  hand,  there  is  a  rotary  magnetic  effect  sur- 
rounding every  wire  carrying  a  current,  while  extending  out 
at  right  angles  to  it  there  is  a  wave-motion  with  every  varia- 
tion of  the  current. 

Ether-waves  that  produce  light  and  heat  may  be  excited 
by  many  means:  an  intense  kerosene  flame  will  give  rise  to  the 
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one  and  a  glass  vessel  filled  with  boiling  water,  the  other;  but 

neither,  waved  to  and  fro  near  a  suspended  magnet,  will 
cause  it  to  oscillate — only  nia<;netic  means  will  do  that,  those 
that  arc  themselves  the  scat  of  magnetic  energy.  Hence, 
there  arc  waves  in  the  ether  that  produce  magnetic  effects  and 
other  waves  that  do  not. 

Tn  all  the  foregoing  we  perceive  that  Absorption  is  but 
another  distincti\c  thread  in  the  varied  design  of  wave- 
phenomena  running  through  all  ethereal  radiations  and  mak- 
ing of  them  a  harmonious  fabric  of  graduated  texture. 


Section  Seven :  Hertz  Waves. 

63.  These  are  the  waves  that  link  electricity  and  magnet- 
ism to  the  other  phenomena  that  have  so  long  held  foothold 
as  undulations  of  the  ether;  for  Hertz  has  shown  that  all  alike 
undergo  the  same  changes.  Since  his  day,  his  experiments 
have  been  varied,  multiplied,  and  refined;  and  it  may  be  an 
advantage  to  bring  together  in  one  view  a  recent  apparatus 
devised  by  Prof.  J.  C.  Bose  for  performing  upon  electro- 
magnetic waves  all  the  experiments  of  which  wave-motion  is 
susceptible. 

Hertz  waves  have  three  stages  which,  for  descrij)tive  pur- 
])oses,  inny  be  called  their  origin,  transit,  and  detection:  they 
are  excited  at  the  origin  by  some  oscillatory  source  of  electric- 
ity, as  an  induction-coil,  or  Leyden  jar,  charging  (to  overflow) 
an  instrument  called  an  oscillator,  vibrator,  or  radiator;  they 
travel  freely  through  air,  or  may  be  guided  along  wires;  and 
they  may  be  detected  by  the  spark  they  will  produce  in  a 
resonator  carried  throughout  the  space  around  their  source, 
'Or  by  the  glowing  and  fading  of  a  vacuum-tube  slid  along  the 
-wires,  or  by  the  deflection  of  a  galvanometer  needle  set  up  at 
:some  distance. 
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Varied  experiment  has  established  the  following  facts: 
That  Hertz  waves  have  essentially  the  same  velocity  in  air 
as  along  wires,  it  being  in  all  cases  equal  to  the  velocity  of 
light;  that  throughout  the  region  pervaded  by  them  the  elec- 
tric and  magnetic  forces  are  complementary,  that  is,  where 
one  is  a  niaxiniuni  the  other  is  a  minimum;  that  the  hues  of 
these  forces  are  at  right  angles  to  eacli  other,  the  electric 
component  being  parallel  to  the  axi.s  of  the  o^cillalor;  and 
that  the  indices  of  refraction  for  substances  opaque  to  Hght 
may  be  determined  by  Hertz  waves. 

In  the  apparatus  to  be  described,  the  "  spiral-spring  re- 
ceiver *'  acts  the  part  of  a  coherer  in  wireless  telegraphy,  that 
is,  closes  the  circuit  when  the  Hertz  wave  sweeps  through 
it  and  thus  enables  the  voltaic  cell  to  perform  the  principal 
part,  namely,  send  a  current  through  the  galvanometer. 

Plate  A  presents  a  view  of  the  apparatus  arranged  for  ex-- 
periment  with  several  articles  used  for  different  purposes: 
R  is  the  radiator;  T,  tapping-key;  S,  spectrometer  circle; 
A/, plane  mirror;  F, collecting-funnel  attached  to  spiral-spring 
receiver;  t,  tangent  screw  b}  which  the  receiver  is  rotated: 
C,  galvanometer;  B,  circular  rheostat;  K,  voltaic  cell;  C, 
cylindrical  mirror;  A,  totally  reflecting  prism;  semi-cylin- 
ders; and  AT,  crystal  holder. 

I'ii^.  1 12  exhibits  the  radiator  R  of  Plate  A:  it  consists  of 
a  ball  b  and  two  beads  cc  ,  all  platinum;  the  beads  nre  attached 
to  jointed  stems  forming  the  electrodes  which  are  eoiineelcd 
with  a  small  induction-coil  actuated  by  a  storage-cell.  The 
shortest  wave-length  produced  was  of  a  treciuency  which  is 
about  thirteen  octaves  below  visible  radiation,  or  light.  The 
condenser  consists  of  paraffined  paper  with  tin-foil  on  l-oth 
sides,  wound  spirally;  this,  the  storage-cell,  induction-coil, 
and  an  interrupting  key  are  all  enclosed  in  a  tin  box  placed 
inside  a  copper  one,  Fig.  113.  The  two  metal  boxes  prevent 
stray  radiation.  Pressing  the  interrupting  key  at  the  side 
produces  a  flash  between  the  beads  ce'  and  ball  6,  whence  elec- 
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tromagnetic  rndiation  streams  forth  into  space  from  the  tube 
in  front  of  the  box. 


Fig.  112.  Fio.  X13. 


Fig.  114  represents  the  Receiver  to  which  the  funnel  F 
in  Plate  A  is  attached:  as  already  stated,  it  is  on  the  coherer 
principle — spiral  steel  springs  being  laid  side  by  side  in  a  nar- 


Fig.  1x4. 


row  groove  between  brass  pieces  in  connection  with  project- 
ing metallic  rods  which  serve  as  electrodes. 

The  receiving  circuit,  then,  consists  of  this  spring  coherer 
in  series  with  a  voltaic  cell  and  a  dead-beat  galvanometer. 

An  electric  current  enters  by  the  upper  spiral  and  departs  by 
the  louci  une,  having  to  traverse  the  interniecHate  spirals 
along  the  numerous  points  of  contact.  The  resistance  of  the 
receiving-  circuit  is  thus  almost  entirely  concentrated  in  tlie 
sensitive  contact  surface:  When  electric  radiation  is  absorbed 
by  this  surface  (the  Hertz  wave  s\veei)ing  through  it)  the  re- 
sistance is  reduced,  the  voltaic  current  acts  and  the  galvano- 
meter spot-of-light  is  violently  deflected;  by  variously  corn- 
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pressing  the  springs  by  means  of  an  external  screw,  the 
resistance  can  be  changed;  unscrewing  relieves  pressure, 
increases  resistance,  and  causes  the  spot  to  return  to  its 
original  position;  thus  the  receiver  is  made  sensitive  anew. 
The  leading  wires  from  the  ends  of  the  receiver  are  enclosed 
in  tin-foil,  and  the  galvanometer  and  voltaic  cell  have  a 
metallic  cover  (with  a  slit  for  the  passage  of  iIk-  reflected  spot 
of  ligiit)  so  that  the  i"ccci\ing-  circuit  is  shielded  troiii  stray 
radiations.  The  funnel  ha^  hinged  side  doors  for  varying  the 
amoimt  of  radiation  colleeied.  When  angular  (le\iaiion  is 
to  be  measured,  tlie  receixer  respond^  only  when  the  funnel 
points  in  the  direction  of  the  deviated  ray. 

Referring  to  Plate  A.  the  following  points  apply  to 
the  procedure  of  an  experiment:  Either  divergent  or  parallel 
electric  beams  may  be  produced,  the  latter  by  a  cylindrical 
lens  of  sulphur  or  ebonite  so  placed  that  the  spark  of  the 
radiator  will  be  in  its  focal  line;  the  radiator  and  receiver  are 
placed  on  an  optical  table  so  that  they  may  be  moved  toward 
each  other,  or  apart;  the  receiver  is  mounted  on  a  revolving 
arm  beneath  a  graduated  circle;  on  top  of  the  circle  is  a 
platform  for  holding  mirrors  to  produce  the  different  phe- 
nomena; both  platform  and  arm  move  independently  of  each 
other  and  of  the  circle;  there  are  index  pointers  to  indicate 
the  various  movements;  the  lens  is  fitted  on  the  radiator- 
tube. 

The  following  is  a  hricf  descrii)tion  of  the  methods  of  pro- 
ducing reflexion,  refraction,  polarization,  etc.: 

For  pUww  n/h\vioii,  the  mirror  M,  Plate  A,  is  set  on  the 
platform  s(t  that  its  face  is  at  right  angles  to  a  pointer  that 
sweeps  over  ihe  circle,  and  in  the  direction  of  the  electric  ray 
which  is  in  the  zero  line  of  the  circle;  the  receiver  is  turned 
to  60',  and  when  it  responds  by  motion  of  the  galvanometer 
spot,  it  will  be  found  that  the  pointer  of  M  is  at  30**,  thus 
proving  the  angles  of  incidence  and  reflexion  equal. 


Digitized  by  Google 


HERTZ  WAVES. 


123 


For  cireuhr  reHexion,  the  curved  mirror  C  is  substituted 

for  M,  and  placed  at  the  distance  of  its  radius  from  the 
spark;  the  reflected  image  will  be  at  an  equal  dis- 
tance, and  the  receiver  is  to  be  set  there;  when  it  responds,  it 
will  be  found  that  the  index  bisects  the  angle  between  the 
directions  of  the  radiator  and  receiver. 

For  total  reflexion,  the  receiver  is  ]>laced  opposite  the  radia- 
tor, and  the  prism  A  interposed  with  one  of  its  equal  faces  at 
right  angles  to  the  direction  of  radiation;  the  receiver  remains 
unaffected  until  suitably  turned,  when  it  responds  to  the 
totally  reflected  ray. 

For  refraction,  an  isosceles  right-angled  prism  of  sulphur 
or  ebonite  is  used  with  a  parallel  beam  .of  electrical  radiation; 
to  cause  deviation  of  the  beam,  one  of  the  acute  angles  of  the 
prism  is  interposed  in  its  path. 

Opacity,  due  to  multiple  reflexion  and  refraction,  is 
analogous  to  the  like  eflPect  produced  by  powdered  glass  on 
light:  it  is  shown  by  filling  a  long  trough  with  irregular 
pieces  of  pitch  and  placing  it  lietween  the  radiator  and  re- 
ceiver; the  electric  ray  is  unable  to  j)ass  through  the  hetero- 
geneous media,  owing  to  the  multiplicity  of  reflexions  and 
refractions,  and  the  receiver  remains  iniaffected;  but  by  re- 
storing partial  homogeneity  by  pournig  in  kerosene  which 
has  about  the  same  refractive  index  as  pitch,  the  radiation 
is  easily  transmitted. 

The  indices  of  refraction  (electric)  for  various  substances 
opaque  to  light  are  determined  in  precisely  the  same  way  that 
they  are  for  light. 

Interference  experiments  consisted  in  determining  wave- 
length (electric)  by  means  of  gratings. 

For  polaHsation  and  daUble  refraction,  the  apparatus  of 
Plate  A  is  modified  and  arranged  as  shown  in  Fig.  115:  A 
is  the  radiator;  E,  the  receiver  to  which  the  collecting-funnel 
F  is  attached;  D,  a  vertical  graduated  disc  by  which  the  rota- 
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tion  is  measured;  /C,  a  crystal  holder;  5»  a  piece  of  stratified 
rock;  C,  a  crystal;  /,  a  jute  polarizer;  Wt  a  wire-grating 
polarizer.  The  cylindrical  lens  is  used  to  produce  a  parallel 
beam,  and  at  its  end  is  a  slot  into  which  to  drop  a  grating. 

The  crystal  holder  K  is  fitted  at  the  end  of  the  tube  contain- 
ing' the  lens,  and  is  cai>al)]e  of  rotation  round  an  axis  parallel 
to  the  direction  of  the  ray.   The  receiver  also  is  capable  of 


Fig.  11$. 


rotation  round  a  horizontal  axis  by  means  of  a  tangent  screw> 
the  amount  being  indicated  on  the  disc  />.  Gratings,  made 
by  winding  fine  copper  wire  on  square  frames,  metal  plates 

with  parallel  slits  cut  in  them,  a  substance  called  serpentine, 

and  jute  arc  all  aHke  used  as  polarizers  and  analyzers. 

The  analyzer  is  fitted  on  the  receiver  and  in  one  of  two 
positions:  first,  parallel,  both  s^^ratiui^s  beingf  horizontal; 
second,  crossed,  polarizer  horizontal,  analyzer  vertical.  In 
the  tir^t.  radiation  is  transmitted  throui^h  both  i^-ratini^s,  and 
the  galvanometer  responds — in  the  second,  it  is  extinguished, 
the  galvanometer  is  unaffected,  and  the  field  is  said  to  be 
dark. 

But  on  interposing  crystals  with  their  planes  inclined  at 
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45°  to  the  horizon,  the  field  is  partly  restored  and  the  spot 
of  light  sweeps  across  the  scale:  many  crystals  produce  this 
effect  the  same' as  they  do  for  light;  tourmaline,  so  in  a 
marked  degree.  Vegetable  fibrous  substances  do  the  same 
— jute  in  particular. 
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FACTS  THAT  LIXK  THE  VARIOUS  FORMS  OF  RADIANT 
ENERGY  ONE  TO  ANOTHER— A  CHAIN  OF  MOTION. 

Sectioii  Que :  Analogous  Effects  of  Waves  of  Air  and  Ether. 

64.  In  the  preceding  chapter  the  phases  of  wave-mo- 
tion descriibed  constitute  tlie  great  arteries  that  permeate 
all  the  phenomena  alike:  but  there  are  lesser  veins,  com- 
mon to  two  or  three,  which  are  worthy  of  mention,  be- 
cause they  tend  to  weld  the  kinship  of  all  the  phases  of 
radiant  energy:  if  we  can  tie  heat  to  light,  and  by  another 
bond  unite  this  to  electricity,  and  by  still  another  connect  the 
latter  with  magnetism,  we  strengthen  the  evidence  in  favor 
of  electricity  and  magnetism  being  motions  of  the  ether,  and 
that  many  of  those  motions  are  purely  waves. 

When  a  wave  breaks  u])on  a  rock,  it  does  not  pass  on  in 
straight  lines,  leaving  smooth  water  behind  the  rock,  hut 
bends  round  it  in  swirling  eddies;  when  a  house  stands  l)e- 
twccn  us  and  a  source  of  sound,  we  can  still  hear  around  its 
corners;  and  when  a  beatn  of  light  is  broken  by  a  screen,  it 
IS  not  divided  l)y  a  clear-cut  line,  but  there  are  lunbra  and 
penumbra — graded  intensity  of  sound  as  well  as  deepening 
shadow  for  light:  this  bending  of  rcaz'cs  round  obstacles  iu 
their  path  is  a  feature  common  to  all  wave-motion. 

126 
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65.  The  approach  and  recession  of  sources  of  sound  and 
light  produce  analogous  ejects. — The  pitch  of  a  musical  note 
is  dependent  upon  the  number  of  vibraii(jn^^  of  its  source  per 
second,  and  this  indirectly  determines  the  length  of  the  wave 
that  produces  the  note.  As  a  train  approaches  a  station,  the 
whistle  of  the  engine  becomes  more  shrill — ^as  it  passes  be- 
yond, more  grave:  in  the  former  case  the  frequency  is  greater 
and  the  waves  are  shortened,  as  they  fall  upon  the  ear  of  a 
listener  at  the  station;  and  in  the  latter  the  frequency  is  less, 
and  the  waves  are  lengthened. 

This  being  a  peculiarity  of  wave*motion,  a  similar  effect 
should  be  found  in  lii^ht:  for  color  is  to  light  what  pitch  is 
to  sound — ;l  result  uf  wave-length. 

In  the  article  on  Spectrum  Analysis,  it  has  been  seen  that 
the  chemical  elements  give  distinctive  spectra  at  specific 
stages  1)1  thermal  or  electrical  energ-y.  and  that  comparison  of 
these  spectra  with  tliose  of  the  Sun  and  stars,  ha^  established 
the  fact  that  the  heavenly  bodies  arc  composed  of  the  same 
substances  as  the  Earth. 

Primarily,  the  vibrations  of  the  particles  of  a  substance 
create  waves  in  the  ether,  which,  striking  the  eye,  cause  the 
sensation  of  light— color,  according  to  their  length,  and  in- 
tensity, according  to  their  amplitude,  just  as  pitch  and  loud- 
ness of  sound  are  due  to  the  frequency  and  amplitude  of  air- 
waves: therefore,  like  the  change  of  pitch  from  the  whistle 
of  the  engine,  if  a  source  of  light  approaches  or  recedes 
rapidly  enough,  its  color  will  change  because  of  the  varia- 
tion in  the  frequency  or  length  of  the  waves  striking  the  eye 
in  a  second.  Glowing  sodium  vapor,  for  instance,  gives  a 
brilliant  yellow  band  at  a  certain  temperature,  due  to  its 
atomic  vibrations;  these  are  invariable,  but  if  the  glowing 
mass  be  moved  away  rapidly  enough,  the  waves  it  excites  in 
the  ether  would  be  lengthened  and  a  reddi-^h  tint,  the  ana- 
logue of  a  graver  sound,  would  result;  if,  on  the  contrary. 
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it  were  brought  near,  the  waves  would  be  shortened,  giving 
a  greenish  hue,  as  the  whistle  gave  a  shriller  note. 

Now,  by  actual  comparison  of  the  blue-green  F  line  in  the 
spectrum  of  Sirius  with  the  blue-green  line  of  the  spectrum 
of  hydrogen  contained  in  a  tube,  the  former  was  found  to 
have  moved  toward  the  red  to  such  extent  as  to  indicate 
(when  the  necessary  calculations  were  made),  that  Sirius  was 
receding  from  the  Earth  about  thirty  miles  a  second. 

66.  Velocity  of  waves  in  air  and  ether,  and  analogy  in 
the  sensations  of  sound  and  light. — A  tuning-fork  in  vibra- 
tion sends  out  waves  in  the  air  and  the  discharge  of  a  Leyden 
jar  does  the  same  in  the  ether;  and  however  varied  those  in 
either  medium  may  be,  all  waves  of  air  have  one  velocity — 
that  of  sound,  and  all  of  ether,  another — that  of  light;  and 
if  the  waves  of  both  are  mingled,  as  when  musical  vibrations 
are  discharged  into  a  gas  flame,  the  latter  will  present  a  ser- 
rated appearance,  Fig.  ii6,  characteristic  of  the  notes  in  the 
combination — a  visible  exhibit  of  what  Fourier's  series  ex- 

c| 
B 

Fig.  ii6. 

presses  mathematically:  or,  again,  if  the  waves  do  not  pro- 
duce harmonious  strains,  but  are  full  of  '*  beats  " — harsh  and 
rasping  to  the  ear.  the  light  will  be  equally  disagreeable  to 
the  eye  by  its  irregular  flickering. 

67.  Waves  of  air  and  ether  in  the  telephone  circuit. — 
A  telephone  circuit  affords  an  instance  of  electromagnetic 
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vjQVfs  arising  from  the  action  of  waves  of  air:  a  thin  metal 
plate  in  the  transmitter  moves  to  the  impulses  of  a  speaker's 
voice;  miles  away,  a  similar  plate  in  a  receiver  pours  into  the 
listener's  ear  those  same  impulses  with  such  exactness  that 

even  the  voice  is  recognized.  Every  one  knows  that  it  is  not 
waves  of  air  lIkiI  fill  the  interval,  as  when  two  persons  speak 
to  each  otlicr  a  few  feet  apart,  and  every  one  equally  well 
knows  that  it  is  -nme  tnolion  a'on^^  the  connectin^^  wire, 
caused  by  the  changnig  niag^nctic  field  at  each  end,  that  j)ro- 
duces  the  effect;  tlie  nature  of  that  motion  is  the  point  sought 
to  be  made  clear — it  is  tcatr-motion;  for  waves  of  air  go 
into  the  telephone  at  one  end  and  waves  of  air  come  out  of  it 
at  the  other,  and  no  bridge  of  atr-waves  spans  the  chasm — ^it 
is  one  of  ether — electromagnetic  waves. 

68.  A  glass  rod  when  rubbed  emits  a  musical  note — 
80  does  a  steel  bar  when  violently  magnetized. — If  a  glass 
rod  be  ruhbed,  it  is  thrown  into  vibration  which  gives  rise  to 
a  musical  note,  Fig.  117,  and  if  the  friction  be  vigorous 


enough,  the  vibrations  will  at  length  shatter  the  glass  into 
regular  sections,  Fig.  118:  similarly,  if  a  steel  rod  be  sud- 


Q 

Fig.  118. 


Fig.  117. 
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denly  and  powerfully  magnetized,  it  will  emit  a  musical  note 
while  undergoing  the  process;  now,  only  waves  of  air  can 
give  a  musical  sound,  therefore  the  steel,  like  the  glass,  is 
thrown  into  vibration  to  cause  these  waves:  and  therefore, 

also,  the  magnetic  action  is  a  7i'a7r-motion  in  liie  steel  rod, 
and  j)erliaps  if  it  could  be  made  violent  enough,  it  would 
shiver  tlie  steel  into  visible  magnetic  sections,  as  tlie  glass 
was  rent  into  sonorous  discs. 


Section  Two :  Varied  Ties  between  Heat,  Light,  Electricity,  and 

Magnetisoi. 

69.  Heat  and  light — The  obscure  heat  of  the  Sun 
equally  with  its  dazzling  light;  and  the  invisible  radiations 
from  a  copper  shell  filled  with  boiling  water  equally  with  the 
brilliance  emanating  from  the  electric  arc — alt  undergo 
polarization,  and  by  the  same  methods  and  in  the  same  way — 
plane,  circular,  or  elliptical,  according  to  the  means  em- 
polyed.  Indeed  so  intimate  is  the  relationship  between  heat 
and  H^ht — so  mitch  like  two  hues  of  the  same  color  blending 
one  into  the  other,  that  what  can  be  done  with  one  is  equally 
feasible  with  the  other:  of  course  the\-  are  not  identical,  else 
heat-rays  wonld  produce  vision,  which  is  not  the  case;  and 
moreover,  if  mixed  in  the  same  sheaf,  they  can  be  separated 
by  a  solution  of  iodine  and  examined  indivifhiallv. 

70.  Minor  relations  of  heat,  light,  electricity,  and 
magnetism. — The  tie  between  heat  and  electricity  is  shown 
by  the  fact  that  metals  are  good  conductors  of  both,  and  the 
number  that  denotes  the  conductivity  of  any  metal  for  elec- 
tricity is  almost  identical  with  that  for  heat.  In  a  wire,  both 
behave  alike:  the  flow  of  one  due  to  difference  of  potential, 
the  other  to  difference  of  temperature. 

In  experiments  on  polarized  light,  when  two  Nicols  are 
crossed,  thus  barring  its  passage,  it  may  be  opened  by  merely 
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introducing  a  laagnctic  field  into  the  midst;  and  tlie  same  is 
true  with  polarized  heat,  thus  showing  a  kinship  between 
heat,  light,  and  magnetism. 

If  a  prism  of  tourmaline  be  healed,  it  becomes  electrified, 
acquiring  two  poles  like  a  magnet;  and  if  suspended  by  a 
silk  thread,  it  will  attract  or  rej)el  a  similarly  heated  tourma- 
line according  to  the  pole  presented;  and  moreover,  still  like 
a  magnet,  if  broken  up,  the  small  parts  exhibit  two  poles. 

If  the  real  nature  of  electricity  is  ever  established,  it  will 
also  determine  that  of  magnetism;  so  much  are  they  alike, 
so  intimate  the  connection,  that  they  beget  each  other  and 
are  found  inextricably  intertwined  in  almost  all  conditions 
of  their  existence:  a  bar  magnet  waved  near  a  coil  of  wire 
wiU  induce  a  current  in  it,  and  this  flowing  round  a  spiral 
band  will  convert  a  steel  rod  placed  in  its  axis  into  a  per- 
manent magnet;  and  wherever  electricity  exists Jn  the  kinetic 
form,  there  also  is  magnetism  in  a  kind  of  whirling  at- 
mosphere. 

71.  Analogies  between  light  and  sound. — Throughout 

the  foregoing  pages  there  has  been  frequent  conipai  ison  of 
light  with  sound,  and  indeed  it  was  the  striking  resemblance 
of  many  features  of  both  that  first  led  to  the  theory  that  light 
was  <liie  to  waves  of  some  medium,  as  sounil  is  to  waves  of  air. 
Both  the  air  and  its  waves  are  facts  whose  existence  has  been 
established  by  experimental  proof,  while  the  ether  and  its 
waves  are  yet  tinged  with  hypothesis.  But  the  undulatory 
theory  explains  so  many  phenomena  of  light,  and  connects 
them  so  rationally  as  a  harmonious  whole,  that  it  carries  to 
the  mind  conviction  only  less  forcible  than  that  of  experi- 
mental evidence. 
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Section  Three :  The  Internal  Structure  of  Substances* 

72.  Effect  of  structure  of  substances  on  wave-motion. 
— The  structure  of  a  substance  has  a  marked  effect  upon  its 
facility  for  conducting  sounci.  heat,  light,  electricity,  and  mag- 
netism: it  acts  upon  sound — a  wave  of  air — ^in  precisely  the 
same  manner  that  it  does  upon  the  four  others — waves  of 
ether.  This  fact  will  now  be  used  to  illustrate  further  the 
relationship  of  these  latter  waves. 

A  homogeneous  body  is  one  that  is  of  uniform  texture 
throughout — symmetrical  about  a  point:  if  heated,  all  its 
isothermal  surfaces  are  spherical;  if  struck,  all  sound-waves 
expand  equally;  and  if  electrified,  the  effect  will  pass  onward 
with  the  same  force  and  velocity  in  every  direction.  Com- 
mon _L;lass  is  homogeneous,  but  wood  is  not;  this  is  a  t\pe  of 
material  differing  in  structure  in  certain  directions  called  axes 
— Fig.  119 — along  the  fibre,  across  it,  and  round  the  rings  of 


annual  growth.  Its  elasticity  varies  greatly  in  these  direc- 
tions, and  so,  also,  does  its  conductivity  of  sound  and  heat, 

both  reaching  a  maximum  along  the  axis  of  greatest  elastic- 
ity— ^with  the  fibre. 

When  a  body  is  wrenched  out  of  its  natural  shape  by  any 
means,  the  tendency  to  return — an  effort  of  the  molecules — 
is  defined  as  its  elasticity.  Tiiat  this  plays  an  important  part 
in  the  transmission  of  wave-motion  is  shown  by  the  fact  that 
corresponding  to  its  degree  in  three  metals — lead,  silver,  and 
steel — the  velocity  of  sound  varies  accordingly,  being  twice 


Fig.  119. 
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as  great  m  stiver  as  in  lead,  and  twice  as  great  in  steel  as  in 
silver. 

73.  Crystallization  the  prevailing  atntctmal  form  of 
anlwtanoeB. — Most  substances  are  not  haphazard  agglomera- 
tions of  matter,  but  structures  of  great  symmetry  and  design 

built  of  some  primary  form  called  a  crystal. 

i  hese  are  of  varied  shai)C.  but  six  distinct  classes  have 
been  made,  based  on  the  number  and  direction  of  the  axes 
that  traverse  them. 

Around  the  same  axes,  however,  a  great  variety  of  figures 
may  he  formed.  It  must  be  understood  that  there  are  no 
visible  traces  of  the  axes  of  a  crystal — they  are  imaginary  lines 
•Qf  symmetry  which  describe  and  classify  the  body. 

Figs.  120  to  125  represent  the  six  primary  forms  of  crys- 
tals, and  the  extent  to  which  the  architecture  of  nature  is  com- 
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posed  of  crystalline  forms  may  be  seen  in  any  museum  of 
natural  history:  metals,  rocks,  and  precious  stones  in  end- 
less number  and  variety  will  there  be  found  so  built  up* 


Fko.  139.  Fig,  x84*  Fio.  195* 

Polarity  is  the  motive  of  their  formation — ^the  cement  that 
unites  molecule  to  molecule  until  we  have  the  flashing  dia- 
mond or  the  everlasting  granite. 
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Strew  iron  filings  on  a  slieet  oi  paper  over  a  magnet,  and 
it  will  be  seen  tliat  cacli  minute  particle  joins  itself,  end-on» 
to  another  until  a  filament  is  tormetl  aluni^  a  line  of  force: 
such,  too,  is  the  principle  of  formation  of  the  frosted  tracery 
on  a  window,  or  the  ice-foliage  one  meets  on  the  pavement 
after  a  damp,  chill  night;  and  so,  also,  a  solution  of  alum, 
nitre,  or  urea,  smeared  upon  a  pane  of  glass,  will  leave,  on 
evaporation,  each  its  own  peculiar  crystalline  structure 
formed  by  the  molecules  coming  within  the  range  of  their 
polar  forces.  In  the  six  figures  shown,  the  dark  lines  repre- 
sent the  axes. 

Just  as  wood  has  two  principal  directions  of  open  and 
close  mesh — ^across  the  fibre  and  along  it — so  numerous  crys- 
tals have  one  or  two  directions  of  differing  density.  Those 
that  are  uniformly  dense  in  one  direction,  and  of  a  different, 
density  from  this  in  planes  at  right  angles  thereto,  are  said 
to  have  one  axis,  or  are  uniaxial,  and  such  is  Iceland  spar: 
Similarly,  tliose  that  have  two  axes  of  uniform  density,  with 
a  different  density  in  planes  at  right  angles  to  them,  are 
biaxial,  ami  such  is  nitre. 

74.  Effect  of  varying  density  of  substances  on  wave- 
motion. — Heat  and  li.irht  travel  faster  in  the  dense  directions 
of  crystals  than  where  the  molecules  are  more  separated; 
electricity  and  magnetism,  too,  find  the  path  of  density  a  line 
of  less  resistance  than  the  other— -the  gaps  arc  smaller  and  the 
strides  shorter,  so  the  elastic  molecules  pass  on  the  motion 
from  one  to  another  with  more  facility. 

This  is  illustrated  by  bismuth,  which  conducts  both  heat 
and  electricity  better  parallel  to  its  planes  of  cleavage  than 
across  them,  the  molecules  being  more  intimately  connected 
in  the  former  than  in  the  latter  direction. 

If  homogeneous  glass  be  subjected  to  strain  or  pressure, 
it  no  longer  conducts  wave-motion  equally  well  in  all  direc- 
tions, but  behaves  toward  it  exactly  like  a  body  of  variable 
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density;  and  a  return  of  the  glass  to  its  uniform  condition, 
brings  back  its  former  action  on  wave-motion:  this  brings 
out  the  fact  that  it  is  the  difference  of  density  of  a  substance 
in  different  directions  that  facilitates  or  retards  the  waves, 
and  also  that  the  action  is  primarily  molecular,  for  greater  or 
less  density  means  a  more  or  less  close  grouping  of  the  atoms 
of  a  substance. 

75.  Distinctive  oolozed  figures  produced  by  crystals  aad 
polamed  light. — ^The  matter  just  treated,  leads  to  a  similar- 
ity between  some  phenomena  of  polarized  light  and  magnet- 
ism and  ckciricity,  tliat  will  now  be  dealt  with.  Consider 
Fig.  126:  is  a  beam  of  natural  sunlight  that  enters  a  Xicol 
prism  P,  is  there  polarized,  and  emerges  at  /-  with  oscilla- 
tions in  the  vertical  plane  only;  these  are  converted  by  the 
lens  L  into  a  cf>nicnl  hcani  H  which  falls  from  the  crystal  C\ 
parsing  through  this,  il  i)roceeds  onwanl  as  anoilicr  conical 
beam  A'  symmetrical  with  H,  antl  enters  the  Xicol  prism  A, 
to  finally  reach  the  eye  at  E.  The  kind  of  crystal  at  C  deter- 
mines the  effect  that  will  be  perceived  by  the  eye:  if  it  is  a 
uniaxial  crystal  cut  perpendicular  to  the  optic  axis,  an  image 
like  that  at  R  will  be  seen — concentric  rings  of  rainbow  hues 
broken  by  a  dark  cross;  if  it  is  a  biaxial  crystal  cut  perpen- 
dicular to  a  line  bisecting  the  angle  formed  by  the  axes,  as 
in  Fig.  128,  the  image  at  O  will  be  seen — ^a  series  of  variegated 
circles,  ovals,  and  other  curves  about  the  ends  of  the  axes, 
and  broken  as  before  by  a  black  cross.  To  understand  these 
effects,  suppose  the  crystal  to  be  Iceland  spar  of  which  Fig. 
127  is  a  vertical  section:  it  is  double  refracting,  as  previously 
explained;  a  ray  mn  passing  through  it  in  the  direction  of  the 
optic  axis,  rix',  \\'u\  not  be  divided,  but  every  other  ray  ol  the 
conical  beam,  such  as  0,  5.  etc.,  entering  ol)!i([ueIy  to  the  axis 
will  suffer  double  refraction, and  tii:o  rays//'  aiulrr'will  emerge 
for  every  one  that  enters;  they  will  be  polarized  in  planes  at 
rii(ht  angles  to  each  other.  As  this  has  been  |)ro(hice(l  by 
difference  of  density  of  tlie  prism  in  two  directions,  one  series 
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of  oscillations  will  be  retarded  over  the  other — they  will  be 
out  of  step — have  a  difference  of  phase  whose  amount  will 
depend  on  the  thickness  xz  of  the  prism.  The  optical  axes 


Fio.  x«6. 


of  the  two  Nicols  P  and  A  being  at  right  angles  to  each 
other,  It  is  evident  that  as  no  horizontal  rays  emerge  from  the 
polarizer  P,  and  no  vertical  rays  can  pass  through  the  analyzer 


Fig.  127. 


there  will  be  no  lif^ht  to  reach  the  eye  in  these  two  direc- 
tions, which  accounts  for  the  black  cross  in  the  image.  But 
all  the  other  rays  around  the  conical  beam  K  entering  A  will 


i 


i  — 

J 

Fio.  128, 


have  their  oscillations  resolved  into  the  horizontal  and  verti- 
cal directions  as  explained  in. a  former  article;  the  vertical 
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will  be  stopped  by  the  position  of  A,  but  the  horizontal  will 

through;  being  different  in  phase,  however,  they  will  in- 
terfere, and  produce  the  colored  rings  of  the  image.  And  the 
image  at  0  is  produced  in  like  manner  by  a  nitre  crystal. 
These  effects  are  the  result  of  polarized  light  alone,  and  not 
in  any  case  of  ordinary  light.  The  coloring  of  the  Image 
IS  due  to  the  crystalline  nature  of  the  plate  at  which  de- 
composes the  light  as  any  prism  would. 

But  that  this  image  is  composed  of  curves  which  differ 
with  the  crystal  used  is  the  fact  that  attention  is  directed  to; 
with  Iceland  spar  circles  appear — with  a  plate  of  nitre,  ovals, 
lemniscata  and  other  forms:  therefore  the  structure  of  the 
Iceland  spar  niiist  diflfer  from  that  of  nitre,  and  moreover, 
that  there  are  any  curves  at  all.  is  <lue  to  a  definite  structure 
of  the  crystal  as  distintj^uislied  from  a  plate  of  indiscrnnmate 
aggregation.  This  can  l)e  demonstrated:  substitute  for  the 
crystal  at  C,  Fig.  a  pane  of  common  glass — a  structure- 
less body;  it  causes  no  double  refraction,  so  that  the  verti- 
cally polarized  beam  H  emerges  from  it  just  as  it  entered,  but 
is  stopped  by  A  whose  axis  is  horizontal;  no  image  will  be 
seen;  but  now  spread  a  solution  of  nitre  on  the  same  glass, 
and  when  it  has  evaporated,  leaving  the  crystalline  structure 
of  the  nitre  spread  over  the  pane,  place  it  at  C,  and  immedi- 
ately the  same  image  will  be  seen  that  a  plate  of  nitre  itself 
would  produce. 

That  a  crystalline  structure  of  definite  form,  acting  upon 
waves  of  ether,  throws  them  into  a  series  of  regular  contours, 
and  that  the  variegated  hues  of  these  can  be  deduced  as  a 
consequence  of  the  undulatory  theory  of  light — ^this  is  the 
central  fact  to  be  kept  in  view. 

76.  Identity  of  the  figures  preduoed  hy  crystals  on 
polarized  light  with  the  equipotential  lines  surrounding 
electric  and  magnetic  foci. — If  a  sheet  of  paper  he  laid  on 
the  pole  of  a  magnet  set  upright  on  a  table,  and  iron  iilinirs 
be  strewn  on  it,  they  will  form  filaments  radiating  from  the 
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pole,  as  in  Fig^.  IJ9;  they  doliiicaU'  tlic  inai^netic  field,  whose 
intensity  diminishes  at  a  uniform  rate  from  the  pole:  a  series 
of  circles,  therefore,  will  represent  the  equipotential  lines  of 
this  held.  Contrast  it  with  the  optical  effect  at  /?,  Fig.  126, 
and  it  will  be  seen  that  the  resemblance  is  most  striking. 
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Again:  let  the  sheet  of  paper  be  placed  upon  the  like  poles  of 
two  vertical  magnets,  as  in  Fig.  130,  and  spread  the  iron  fil- 
ings as  before.  The  filaments  will  ag^in  be  built  up  radially 
from  each  center,  except  in  the  space  between  the  poles, 
where,  being  of  like  nature,  they  clash  and  try  to  force  each 
other  out  of  the  field.  The  equipotential  lines  of  this  field  are 
precisely  the  ovals,  lemniscata,  and  other  curves  of  the  optical 
effect. 

In  every  case,  the  curves  of  the  optical  effect  are  due  to 
iiifcrfcmicc  of  the  ether-waves;  but  it  is  not  hence  to  be  un- 
<lerstood  that  the  curves  of  the  magnetic  held  result  in  the 
same  way;  they  are  merely  the  boundaries  of  equal  potential 
surfaces,  arbitrarily  drawn,  closely  or  far  ai)art.  as  desired: 
the  magnetic  tield  is  like  a  uniformly  sloping  lawn — the  opti- 
cal effect  likea  terraced  declivity. 

Before  strewing  the  iron  filings  on  the  paper,  nothing  was 
seen — ^nothing  felt — that  distinguished  the  space  around  the 
poles  from  remote  regions;  but  once  that  the  iron  particles 
showered  down  upon  the  paper,  they  were  seized  with  avidity 
and  forced  into  a  visible  and  tangible  structure  of  great  regu- 
larity and  strength:  remove  the  magnets  and  in  a  flash  this 
structure  crumbles  like  a  toy-house. 

Now  the  magnet  never  touched  the  filings — a  partition  of 
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paper  intervened — and  yet  it  must  have  spread  among  those 
Mngs  some  powerful  influence  that  wrought  them  into 
shapes  whose  contours  were  exactly  those  of  the  fign^res  pro^ 
duced  by  crystals  upon  polarized  light. 

That  the  curves  of  Fig.  130  are  characteristic  of  any  two 
centers  of  force  is  further  illustrated  by  terrestrial  magnet- 
ism. Observe  Chart  I:  it  represents  two  views  of  the  globe 
with  equipotential  lines  of  total  magnetic  intensity;  around 
each  pole  or  center  is  the  figure  of  8  with  its  exterior  curves — 
irregular  and  long  drawn  out,  to  indicate  prevailing  condi- 
tions, but  still  distinctly  the  characteristic  curves.  Or,  again, 
notice  Chart  IV — a  Mercator's  projection,  on  which  is  por- 
trayed tlie  horizontal  com]K)nent  of  the  total  force  .shown  on 
Chan  I;  an  epfg-shaped  form  covers  the  rcirion  south  of 
Mexico,  and  its  corresponding  oval  spreads  o\er  the  sea 
north  of  Australia;  embracinp;^  these  two  areas  of  {greatest 
intensity  are  Icinniscala  and  oilier  curves  of  much  regularity, 
and  this  is  tlie  asi)cct  whether  our  view  extends  from  the 
small  oval  eastward  over  the  Atlantic  and  the  continents  of 
Europe,  Asia,  and  Africa,  or  westward  across  the  broad  ex- 
panse of  the  Pacific. 

Taking  in  at  a  glance  the  former  view,  so  great  is  the 
resemblance  of  its  curves  to  the  figures  upon  the  plane  cut- 
ting the  biaxial  crystal  of  Fig.  128,  that  one  might  imagine 
the  Earth  a  huge  crystal  of  like  kind  whose  axes  protruded 
through  the  crust  at  Mexico  and  Borneo,  and  the  bisecting 
line  of  their  angle,  reached  the  surface  in  mid-Atlantic  at 
the  apex  of  the  lemniscata.  These  curves  receive  further 
illustration  in  Gauss'  theory  of  terrestrial  magnetism,  of 
which  a  summary  will  be  found  in  a  later  chapter. 
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Sectioa  Pour :  Ether  Waves. 

77.  The  ether  alive  with  undulatioiis,  and  their  effects. 
— Facts  have  been  arldiiced  to  show  that  the  undulatory 
theory  is  applicable,  not  only  to  light,  but  also  to  heat,  elec- 
tricity, magfnetism,  and  chemical  action;  in  fact  that  the 
ether  is  full  of  undulations  of  every  variety,  just  as  the  air 
is  agitate<l  by  an  infinity  of  waves:  and  also,  as  the  latter 
produce  different  sounds,  so  do  the  former  divers  effects. 

The  wave  of  air  has  an  origin  and  a  goal — ^if  it  strikes  no 
ear,  it  simply  travels  on  as  wave-motion  unproductive  of 
sound:  so,  the  ether-undulation  produces  effect  only  when 
it  falls  upon  matter,  and  the  nature  of  this  matter  determines 
greatly  the  character  of  the  effect— one  body  is  warmed;  an- 
other, decomposed;  a  third,  electrified  or  magnetized;  and 
the  eye  is  excited  to  light.  It  is  because  one  effect  or  another 
predominates  from  certain  classes  of  waves  that  they  have 
been  divided  into  the  thermal,  huninous.  and  actinic  rays  of 
the  spectrum:  the  correct  view,  however,  is,  that  there  are 
not  waves  that  produce  heat  alone,  or  light  alone,  or  chemi- 
cal action  only,  or  electromai^netic  effects  solely:  but  that 
nearly  all  ether-waves,  under  suitable  conditions,  produce  dif- 
ferent effects,  yet  that  some  produce  one  result  so  much  more 
than  another  that  it  becomes  a  characteristic  thereof.  In  such 
sense  we  may  justly  speak  of  heat-waves,  light-waves,  actinic 
waves,  and  electromagnetic  waves — it  is  a  convenient  way 
of  designating  them  by  their  sahent  characteristic. 

96.  The  oantbmoits cumiit  is  compossd  of  waves. 
— The  electric  current  is  a  true  wave-motion^  made  up  of 
many  small  impulses  taken  off  by  the  commutator  from  the 
revolving  armature  of  the  dynamo  and  thrust  onward  in  the 
same  direction  along  the  circuit.  This  is  illustrated  by  Figs. 
131  to  137.  In  Fig.  131.  AT  and  S  arc  the  field  magnets;  the 
ether  between  them  is  represented  by  a  number  of  parallel 


ETHER*WAV&S. 


141 


lines;  a  single  rectangle  of  wire,      stands  (or  the  principle^ 
of  the  armature,  which  revolves  as  indicated  by  the  arrow 
Consider  the  upper  branch,  W,  of  the  rectangle:  in  its  verti- 
cal position,  no  current  is  in  it;  the  instant  it  moves,  how* 


ever,  it  begins  to  cut  the  lines  of  force,  and  the  number  cut 
in  equal  intervals  of  time  steadily  nicreases  until  the  wire 
reaches  the  horizontal  position,  when  they  are  a  maximum; 
then  the  number  cut  in  equal  intervals  of  time  steadily 
(/^creases  until  the  wire  reaches  the  lowest  point.  Thus  the 
induction  in  the  wire,  that  is,  the  current,  steadily  grows  from 
zero  to  a  maximum  and  as  steadily  declines  to  zero  again, 
while  the  wire  turns  through  180^  past  the  pole  AT.  This 
phenomenon  is  appropriately  represented  by  the  curve  AA,. 
Fig.  132. 

The  wire  continuing  to  revolve,  the  rise  and  fall  of  the 
current  is  repeated,  while  passing  the  pole  S,  only  its  direc- 
tion is  now  reversed,  so  that  the  curve  BB,  Fig.  132,  sym- 
metrical with  is  its  stiitahle  representative;  both  to- 
gether give  the  familiar  curve  of  wave-motion. 

Now,  to  utilize  these  antagonistic  impulses,  the  commu- 
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tators  C  and  C  are  applied  to  the  armature— 4hcy  carry  both  * 
impulses  in  the  same  direction,  as  shown  in  Fig.  133.  This 


FtG.  i^s*  Fi&  133. 

is  the  current  from  one  coil  (Fipf.  134)  on  the  armature,  and 
its  lluctuations  between  zero  and  a  maximum  would  be  most 
noticeable,  as  Fig.  133  siiows.   But  let  two  coils  be  placed 

Fig.  134. 

on  the  armature,  as  in  Fig.  135,  and  we  have  two  waves,  dif* 
fering  90"  in  phase,  as  shown  iincommuted  in  Fig.  136,  or 
commuted  in  Fig.  137, 

0'  wo'    W  aS^ 

Fig.  136.  Fig.  137. 

Here  the  hollows  of  the  first  wave  are  partly  filled  In  by 
the  hills  of  the  second,  but  still  there  are  unevennesses — flue- 
tuations  in  the  current. 

More  coils  on  the  armature  reduce  these,  until  with  thirty- 
six  coils,  the  fluctuations  are  less  than  one-fifth  of  one  per 
cent  of  the  whole  electromotive  force — practically  a  steady  or 
•continuous  current,  but  still  made  up,  as  shown,  of  a  num- 


Fig.  135. 
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ber  of  small  impulses  or  waves  following  each  other  in  quick 
succession. 

A  telephone  in  the'  circuit  will  sound  at  each  fluctuation, 
and  thus  disclose  their  number. 

79.  Antecedent  causes  of  tlie  manifestations  called  elec- 
tric and  magnetic. — Experiment  shows  that  some  of  the  ele- 
mentary snhstances  that  liavc  stront^  affinity  for  each  other  at 
orth'nary  temperatures,  gradually  lose  it  when  the  tempera- 
ture is  lowered,  and  that  at  the  extreme  dei^recs  of  cold  that 
can  now  he  artificially  produced,  these  elements  hecome  prac- 
tically inert  toward  each  other:  if  this  inference  be  earned 
to  the  limit  of  absolute  zero,  where  the  elements  have  no 
heat  whatever,  no  chemical  combination  could  then  take 
place.  On  this  basis,  heat  is  essential  to  chemical  action. 
Now,  heat  and  motion  are  mutually  convertible,  and  so  com- 
pletely, that  the  exact  equivalent  of  one  in  terms  of  the  other 
is  well  known — so  much  mechanical  work  will  produce  a 
definite  change  of  temperature,  and  the  converse.  Chemical 
action  gives  rise  to  electricity,  and  this  produces  heat  or 
light;  electricity  excites  the  magnetic  condition  in  a  steel  bar, 
and  the  movement  of  this  bar  generates  a  current  in  a  wire, 
which  in  turn  decomposes  water — a  chemical  reaction,  in- 
volving the  existence  of  heat— that  i-.  motion,  and  so,  in 
whatever  order  the  several  jihenomena  be  taken,  they  con- 
stitute a  cycle  relurnin<^  into  themselves,  with  motion  for  a 
beginning  and  motion  for  an  end. 

It  will  now  l)e  oi)i)ortune  to  (lescril)e  how  it  is  that  ante- 
cedent  motion  of  different  kinds  produces  electricity;  that, 
in  fact,  the  ordinary  mechanical  movements  with  which  every 
one  is  famihar,  as  well  as  the  wholly  veiled  ones  of  heat,  light, 
and  chemistry,  are  transformed  into  another  motion  that  is 
electric  and  magnetic  in  its  eflfects. 

All  matter  is  reducible  to  about  seventy  different  kinds, 
and  the  atoms  of  these  are  variously  in  motion — ^translatory, 
rotary,  osdllatory,  and  vibratory.  These  atomic  motions  are 
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restricted  to  very  narrow  limits  in  the  solid  state  of  matter^ 
less  so  in  the  hquid,  and  enjoy  their  greatest  freedom  in  the 
gaseons.  Of  translation  and  rotation  nothing  need  be  said; 
the  name  defines  each. 

A  pendulum  swinging  to  and  fro  is  an  example  of  oscilla^ 
tory  motion — the  body  moves  as  a  whole  without  necessarily 
changing  its  form. 

A  true  vibratory  movement  implies  a  change  of  form  of 
the  body.  Such  is  the  motion  of  a  tuning-fork  whose  prongs 
— straight  when  at  rest — curve  to  the  right  and  left.  Such 
also  is  that  of  a  bell  that  has  ceased  to  ring  and  expends  its 
energy  in  those  deep  muffled  tones  that  reach  the  ear:  sus- 
pend  a  cork  by  a  string  and  bring  it  near  the  bell  while  utter- 
ing  its  expiring  notes,  and  in  places  it  will  be  violently  thrust 
off— these  are  the  loops,  the  moving  parts  of  the  body;  in 
other  places  the  cork  will  remain  quiet  against  the  metal,  and 
these  are  the  nodes  where  conriict  of  opposite  vibrations  re- 
sults in  immobility.  K  square  metal  plate  may  also  illustrate 
the  vibratory  motion:  if  evenly  spread  with  fine  dry  sand  and 
a  vinlin-bow  be  quickly  drawn  across  its  edge,  it  will  be 
thrown  into  vibration — the  sand  jumps  off  the  loops  and 
gathers  along  tlie  nodes  forming  a  tracery  of  fantastic  figures 
that  vary  with  the  rate  of  vibration. 

It  is  vibratory  motion  somewhat  of  the  nature  of  the  bell,, 
plate,  or  fork  that  agitates  the  atoms  and  molecules  of  matter 
and  sends  out  into  the  ether,  wave  upon  wave,  each  bearing 
the  impress  of  its  origin;  for,  as  atoms  of  one  kind  of  matter 
differ  from  another  in  weight  and  elasticity,  so  necessarily 
do  their  vibrations  and  the  resulting  waves:  just  as  tuning- 
forks  alike  in  size  and  form,  but  differing  in  material — silver, 
steel,  and  aluminum,  for  example — ^have  different  rates  of 
vibration,  so  do  the  elementary  atoms,  as  hydrogen,  carbon, 
and  platinum:  and  also,  as  a  tunnig-fork  emits  not  only  a 
fundamental  note,  but  also  a  variety  of  its  harmonics,  so  an 
atom  besides  its  single  characteristic  vibration  may  have  vari* 
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atioiis  of  it  superposed — all  sending  out  waves  into  the  ether. 
More  than  this,  the  eternal  jar  and  clash  of  atoms  among^ 
themselves  are  so  many  si)urs  to  tlieir  elasticity,  cliangiiig 
the  vibratui}  amplitude  an<l  hence  also  the  resiiUing  waves. 

Such  is  the  condition  of  matter  on  the  Earth — ever  emit- 
tinsf  ether-waves  of  one  length  or  another;  but  as  many  ter- 
restrial substances  have  been  shown  by  Spectrum  Analysis 
to  exist  in  the  Sun,  it  is  from  that  source  that  ether-waves 
of  every  kind — thermal,  luminous,  actinic,  and  electromag- 
netic— come  in  the  greatest  abundance. 

A  few  specific  cases  of  the  production  of  electricity  will 
now  be  described. 

Any  two  substances  whatever,  brought  into  contact^  will 
be  endowed  with  opposite  electrical  conditions  capable  of  set- 
ting up  a  current  whose  strength  depends  on  the  nature  of  the 
substances  as  well  as  on  their  difference  of  temperatures.  This 
is  illustrated  in  Fig.  138,  where  a  bar  of  antimony,  mn,  bent 


at  both  ends,  is  laid  upon  one  of  bismuth,  op\  a  magnetic 
needle  is  pivoted  in  the  space  between  them;  both  contact- 
ends  being  of  the  same  temperature,  no  current  will  be  ex- 
cited, and  the  needle  will  rest  in  the  magnetic  meridian;  but 
if  heat  be  applied  at  one  end,  a  current  arises  which  deflects 
the  needle.  If,  instead  of  heating  the  juncture,  it  be  cooled 
by  cotton  moistened  with  ether,  the  current  will  be  in  the 


Fig.  138. 


Digitized  by  Google 


1^0    UNA'S  BETWEEN  J^O/CMS  OF  RADIANT  ENERGY, 

()[)l)osite  direction,  aiul  the  needle  deflected  on  the  op{K)site 
side  from  before.  If  this  heating-  or  cuoling  be  elouc  ;it  the 
other  end  of  the  joined  metals,  the  direction  of  the  current 
and  (letlection  of  tlic  needle  will  be  the  converse  of  what  they 
were  at  the  first  end  under  like  circumstances. 

What  creates  this  current?  Bismuth  and  Antimony  being 
different  elementary  substances,  their  atoms  differ  in  weight 
and  elasticity,  and  hence  even  at  the  same  temperature,  their 
vibratory  movements  must  differ;  to  apply  heat,  only  in- 
creases this  difference*  Brought  into  contact,  their  effort  is 
to  harmonize,  and  the  surplus  energy  over  and  above  the 
level  to  which  the  vibrations  of  both  atoms  must  be  reduced 
in  the  final  adjustment,  is  what  appears  as  electrical  effects 
in  a  current. 

Energy  is  composed  of  two  factors — mass  and  motion: 

it  is  never  destroyed;  if  varied  in  amount,  one  or  both  factors 
may  be  varic<l.  The  mass  of  the  atoms  of  antimony  and 
bismuth  remains  unchang^cd,  and  the  enert^y  having  been  in- 
creased by  applying  heat,  it  is  tlicrcfore  moiwn  that  is  varied. 
Kqnalize  the  rates  of  viliraiion  t>f  the  atoms  by  chan<;c  in  tlie 
heat,  and  tlie  current  stops,  that  is,  the  nioiion  that  had  been 
added  as  electricity,  ceases:  hence  it  was  the  motion  of  heat 
that  became  transformed  into  electric  motion.  Heat  is  due 
to  vibratory  motion  of  the  atoms  and  is  periodic,  and  periodic 
motion  is  essentially  wave-motion:  so  the  vibratory  motion 
of  the  atom  caused  wat'e-ttiotion  in  the  ether  permeating  the 
interstices  of  the  two  metals,  and  this  flux  of  little  waves  is 
the  electric  current. 

The  ordinary  static  electrical  machine  consists  of  a  cir- 
cular glass  plate  susceptible  of  rotation  (like  a  grindstone) 
between  silk  or  leathern  cushions  that  rub  against  it:  here 
<he  two  dissimilar  substances  in  contact  are  glass  and  leather; 
the  primary  motion  is  rotary,  that  given  by  the  hand  or  ma- 
chinery to  the  glass  plate:  friction  results  between  the  glass 
and  leather,  and  friction  is  merely  a  convenient  means  of 
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l)ringing  a  large  number  of  particles  into  contact;  it  pro- 
duces greater  vibratory  movement  in  the  molecules  anil  from 
tbis  results  jirimarily  beat  and  secondarily  electricity  as  in  tbe 
contact  case  of  bismutb  and  antimony  just  described.  And 
tbe  same  as  in  tbat,  motion  was  tbe  variable  factor — first 
rotary  by  tbe  band,  second  I'ibratory  in  tbe  molecule  as  beat, 
third  ivavc-mot  'wn  in  tbe  etber  of  tbe  conductors  as  electricity, 
and  this  electricity  is  identical  with  that  from  any  other 
source. 

In  the  static  machine  electricity  has  its  origin  in  the  visi- 
ble rotation  of  the  glass  disc — a  mechanical  motion;  in  the 
contact  of  bismuth  and  antimony,  its  source  is  the  hidden 
vibratory  movement  of  the  atoms — heai;  and  in  the  voltaic 


Fig.  X39. 


cell  it  is  due  the  wholly  veiled  process  of  molecular  forma- 
tion— a  chemical  reaction.  This  cell.  Fig.  139  and  140,  cpn- 
sists  of  two  dissimilar  metals  immersed  in  acidulated  water; 
suppose  them  to  be  zinc  and  copper. 

Chemical  combination  is  the  result  of  strong  affinity  be- 
tween certain  atoms,  and  covers  a  range  of  widely  differing 
degree:  iron  oxydizes  slowly  in  the  air  and  the  action  is 
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scarcely  perceptible  ta  the  senses;  quicklime  and  water  rush 
at  each  other  with  avidity  and  we  hear  the  sizzle  and  feel  the 


Fio.  140. 


heat  of  the  union;  the  detonation  of  g-unpowder  is  so  violent 
as  to  excite  lij^lit  in  tlie  eve  and  sliock  to  the  nerves — yet  all 
these  are  chemical  reactions.  Heat  or  lij^^ht  results  from 
them,  and  both  heat  and  liglit  are  due  tu  motion — waves  in 
the  ether. 

Of  the  elementary  substances  present  in  tlie  voltaic  cell, 
zinc  and  oxygen  have  strong  attraction  for  each  other:  raised 
to  the  point  of  ignition,  zinc  will  hum  in  oxygen  as  coal  does 
in  air  and  give  out  heat  as  that  does;  but  brought  quietly 
into  each  other's  presence  in  the  voltaic  cell,  the  zinc  merely 
wastes  away,  and  the  evolved  energy  becomes  known  only 
by  its  effects  as  electricity — a  current  when  an  exterior  circuit 
is  provided;  or  as  heat  in  the  cell  itself  when  no  outer  wire 
joins  the  zinc  and  copper. 

As  a  result  of  the  violent  burning  of  zinc  in  oxygen  we 
have  heat,  and  as  a  result  of  the  slow  combination  of  zinc  and 
oxygen  in  the  cell  we  also  have  heat— or  electricity ;  heat  is 
due  to  motion — wa\*e-motion;  can  it  be  doubted  that  the 
other  manifestation  of  the  chemical  reaction — electricity, 
made  evident  merely  by  the  adventitious  jirovision  of  a  wire 
— is  anythiiiq:  else  than  motion,  too.  wave-motion  in  the  ether 
permeating  the  wire?  .\roun<l  that  wire  we  have  theinsepar- 
a'ble  whirling  motion — the  magnetic  field. 

Two  elastic  shells  of  steel  striking  each  other  with  violence 
in  a  fluid  will  rebound,  each  vibrating  from  the  shock,  and 
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these  vibrations  will  excite  undulations  in  the  fluid;  do  not 
the  shock  of  atoms  in  chemical  embrace,  since  they  too  are 
elastic,  set  up  equally  in  the  surrounding  ether  those  waves 
that  produce  heat  or  light  or  electricity  according  to  circum- 
stances? 

The  electric  current  in  the  wire  will  perform  a  variety  of 
things  which  are  in  fact  our  only  means  of  knowing  its  ex- 
istence: if  led  into  a  motor  it  will  run  a  street-car;  passing" 
between  carlujn  i)oints.  it  affords  llic  luminous  arc-ligfit,, 
heats  a  platinum  wire  to  redness;  decomposes  water  into  its 
elementary  atoms;  causes  a  vacuum-tube  to  glow  with 
auroral  lieams;  darts  as  a  lif^flitnini!^  flash  several  feet  by 
means  of  the  induction-coil;  magnetizes  a  steel  rod  into  a 
compass-needle,  and  if  this  be  pivoted  as  in  a  galvanometer, 
the  electric  flow  around  it  will  deflect  the  needle,  thus  form- 
ing an  exact  means  of  measuring  the  strength  of  the  current 
itself. 

80.  Mathematical  treatment  of  physical  phenomena  and 
its  predictions.  —  Light,  like  heat,  electricity,  magnetism, 
and  other  natural  phenomena,  has  been  treated  mathemati- 
cally, and  analysis  has  followed  the  undulatory  theory  into 
the  most  intricate  and  hidden  recesses  that  ether-waves  pene- 
trate. The  form  of  these  waves  and  the  modifications  they 
suffer  in  highly  complex  crystalline  structures  have  been  ex- 
amined; and  a  reasonable  explanation  ^ivcn  not  only  of  the 
simple  facts  of  daily  observation,  but  also  of  the  entangled 
phenomena  that  lie  deep  down  in  the  very  groundwork  of 
nature  where  only  the  most  arduoii-  1'.  Ive. 

In  pursuing  the  mathematical  vcm  of  the  theory,  some 
physical  asj)ects*  have  been  discovered  that  had  never  lieen 
seen,  but  which,  when  put  to  the  test  of  experiment,  were 
readily  verified;  this  gives  great  stability  to  the  theory,  for 
to  predict  phenomena  upon  its  principles,  is  to  pay  the  high- 
est tribute  to  its  accuracy.  The  most  notable  instance  of  this 
kind  is  that  of  double-refracting  crystals — a  prediction  that  at 
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certain  points  tlie  ray  was  divided,  not  into  tn'o  but  into  many 
parts,  forming  a  luniinous  cone  instead  of  two  images.  Upon 
cutting  a  crystal  of  arrai;onite  in  the  manner  required  by 
theory^  the  cone  of  light  appeared  as  stated  by  the  mathe- 
matician. 

The  facts  of  Diffraction  afford  another  solid  bulwark  of 
the  undulatory  theory:  not  only  are  all  such  phenomena  sat- 
isfactorily explained  by  it,  but  their  variety  of  figure — dark 
and  luminous,  form  and  location — ^have  been  exactly  calcu- 
lated and  subsequently  verified  by  experiment. 

When  a  little  disc  is  placed  in  a  pencil  of  light  entering 
a  darkened  room,  the  natural  inference  is  that  it  will  cast  a 
shadow  on  a  screen  at  any  distance:  but  mathematical  form-- 
ulcC  showed  that  at  certain  distances  of  tlie  disc  from  the 
screen  tlie  spot  would  not  be  black,  bin  briglii,  and  upon  plac- 
ing the  disc  at  the  required  distance,  the  spot  luas  found  to 
be  bright. 

With  faitli  in  the  Undulatory  Theory  of  Light,  one  treads 
with  ij^rcatcr  conlidence  the  maze  of  thermal,  chemical,  elec- 
trical, and  magnetic  phenomena,  lor  they  are  all  linked  to- 
gether— undulations  of  the  same  medium  upon  which  the 
particular  undulations  called  lumnous  have  literally  let  in  the 
light. 
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CHAPTER  VL 

A  GENERAL  VIEW  OF  ELECTRICAL  AND  MAGNETICAL 

PHENOMENA. 

Section  One:  Magnetism  Universal  in  the  Solid,  Liquid,  and 

Gaseous  States  oi  Matter. 

8i.  Klectricity  is  treated  jointly  with  magnetism,  because 
both  g:eneral]y  apj)ear  together:  wherever  the  former  is  in 
motion,  the  latter  is  also  present,  and  therefore  it  becomes 
proper  to  treat  them  equally  as  disturbers  ol  the  peace  of  the 
Compass. 

Just  as  all  bodies  possess  heat  to  some  extent,  so  they 
have  the  electromagnetic  condition  in  different  degrees: 
warm  and  cool  streams  flow  through  the  general  mass  of  air . 
and  water,  because  of  difference  of  temperature  and  pres- 
sure; and  electromagnetic  currents  permeate  the  Earth  and 
air  for  a  like  reason — ^high  and  low  potential. 

Although  it  is  only  in  a  few  metals  that  magnetism  devel* 
ops  such  strength  as  to  be  a  dangerous  menace  to  the  Com- 
pass, still  it  will  conduce  to  a  better  view  of  it  to  describe 
bricHy  the  experimental  means  by  which  its  universal  preva- 
lence has  been  estal^Hslicd.  Fig.  141  represents  a  powerful 
electromagnet  with  a  glass  cover  above  its  poles  to  protect 
the  little  bar  b.  suspended  by  a  silken  til)rc.  from  disturbing 
currents  of  air.  The  direction  AB  from  pole  to  pole  is  called 
**  axial,"  and  a  line  at  right  angles  to  this  between  the  poles 
is  called  "*  cqnatoriaiy 

When  the  magnet  is  inactive,  the  little  bar  b,  no  matter 
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of  what  substance  made,  will  lie  in  any  direction  indifferently; 
but  once  it  is  alive  with  current,  little  bars  of  different  sub- 
stances will  take  one  of  the  two  directions — axial  or  equa- 
torial: there  is  no  indecision  about  their  movement;  iron  will 
as  quickly  turn  axially  as  bismuth  eciuatorially,  and  if  either 
be  drawn  out  of  its  line  of  preference,  it  will  quickly  swing- 
back  upon  release;  and  iron  and  bismuth,  like  the  leaders  of 
opposing  clans,  stand  at  the  head  of  long  lines  of  different 
kinds  of  substances  that  follow  the  direction  of  each. 
Matter  organic  and  inorganic;  mineral,  vegetable,  and  ani- 
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mal;  as  solids  in  bars,  and  as  liquids  and  gases  enclosed  in 
thin  glass  tubes — all  have  been  tested  and  marshalled  under 
the  heading  axial  or  equatorial. 

When  a  wrought-iron  bar  is  suspended  between  the  poles 
of  a  horseshoe  magnet,  it  becomes  temporarily  a  magnet 
too;  poles  of  opposite  name  are  induced  in  the  nearest  ends 
of  the  bar,  and  there  is  attraction  between  bar  and  magnet, 
and  hence  the  former  takes  the  axial  direction.  Fig.  142.  On 
the  other  hand,  if  the  small  bar  had  been  a  steel  magnet  of 
nearly  equal  strength  to  the  horseshoe  magnet,  it  would  be 
repelled  and  approach  the  equatorial  position,  Fig.  143:  by 
inference,  then,  substances  susceptible  of  magnetic  induction 
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that  take  np  tlie  equatorial  direction,  have  poles  of  same 
name  induced  in  their  near  ends  by  the  clcctrotnagnet  of  Fig. 
141,  and  are  repelled;  and  such  is  bismuth  and  its  class.  This 
view  is  supported  by  other  experiments:  place  a  sheet  of 
paper  on  the  poles  of  the  electromagnet,  and  sprinkle  fine 
bismuth  powder  on  it;  the  particles  will  group  themselves. 


Fig.  142. 


Fig.  143. 


into  the  outline  of  the  poles,  leaving  the  space  between  clear; 
brush  this  otY,  and  sj^rinkle  a  mixture  of  l)isnuith  and  a  pow- 
der of  some  axial  substance,  as  sesquichloride  of  chrome;  the 
two  powders  separate,  the  dark  bismuth,  as  before,  siiovving 


Fig.  X44. 

Its  equatorial  character,  while  the  violet  grains  of  the  other 
take  the  axial  duc^iion.  Again:  in  Fig.  144.  let  E  be  an 
electromagnet  with  a  coil  of  wire,  C  on  its  upper  pole,  the 
ends  of  the  coil  leading  to  a  delicate  galvanometer  A. 
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If  a  bar  of  bismuth,  B,  be  thrust  into  the  coil,  it  will  be 
magnetized  by  induction  from  the  electromagnet,  an  induced 
current  will  result  in  the  coil,  and  the  galvanometer  needle 
will  move  in  one  direction;  if  the  bar  be  quickly  withdrawn, 
an  induced  current  and  motion  of  the  needle  in  the  opposite 
direction  will  occur:  if  a  bar  of  wrou,e:lu  iron  he  thrust  in  and 
pulled  out.  similar  phenomena  will  take  place,  with  this  dif- 
ference, however:  that  the  in-thrust  of  the  bismuth  produces 
the  same  effect  as  the  withdrawal  of  the  iron,  and  conversely. 
Hence  both  iron  and  bismuth  are  polarized  or  magnetized, 
but  one  the  opposite  of  the  other;  unlike  poles  in  the  iron — 
like  poles  in  the  bismuth. 
•  The  state  of  affairs  is  illustrated  by  Figs.  142  and  143. 

The  foregoing  is  the  principle  upon  which  a  large  number 
of  substances  have  been  examined  and  found  to  follow  either 
iron  or  bismuth — the  former  called  paramagnetic  and  the 
latter  diamagnetic.  Of  course  the  degree  of  either  varies 
greatly  with  the  substance,  and  some  exhibit  it  so  slightly 
that  they  may  be  made  to  indicate  both  by  suitably  varying 
the  medium  in  which  they  are  innnersed.  It  is  like  iron  put 
in  mercury  or  water — in  one  it  lloais,  in  the  other  sink  ,  and 
in  l)olh  experiences  a  buoyancy  equal  to  its  own  volume  of 
the  liquid  in  which  it  is  immersed. 

It  is  the  resultant  between  buo^-ancy  and  gravity  that  is 
observed.  Similarly,  protosulphite  of  iron  being  essentially 
paramagnetic,  a  dilute  solution  in  a  thin  glass  tube  turned 
axially  between  the  poles  of  an  electromagnet  when  sur- 
sounded  only  by  air;  but  immersed  in  a  trough  full  of  the 
same  solution  as  the  tube  contained,  the  latter  rested  indiffer- 
ently  in  any  direction;  whereas,  when  the  trough  was  filled 
with  a  concentrated  solution,  the  tube  turned  equatorially, 
indicating  an  apparent  diamagnetic  character. 

Iron,  nickel,  cobalt,  asljestos.  oxygen,  and  many  other 
substances  are  paramagnetic;    and  phosphorus,  bismuth, 
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zinc,  copper,  ivory,  sulphur,  water,  olive-oil,  hydrogen,  and 
a  host  of  other  substances  are  diamagnetic. 

There  are  various  methods  of  determining  in  specific 
measure  the  magnetic  or  diamagnetic  susceptibility  of  a  sub- 
stance, and  the  principle  of  one,  as  well  as  some  of  the  results 
obtained  by  it,  may  be  stated  as  follows:  any  substance  intro- 
duced into  a  ftoit-uniform  magnetic  6eld,  experiences  a  me- 
chanical force  that  urges  it  toward  a  stronger  or  weaker 
region  of  the  field,  according  as  the  substance  is  para-  or  dia- 
nuignctic;  and  this  force  becomes  known  by  measuring  the 
strength  of  the  field  at  various  points:  the  avidity  with  which 
the  substance  moves,  (lei)cn(l.s  also  upon  its  sn«ceptihility  to 
mag"netisni  or  dianiai^nietisin.  Ry  using  similar  slalts  ul  dif- 
ferent materials  in  the  stroiii^  field  of  an  electromagnet,  the 
susceptibility  of  each  was  determined.  In  fields  of  ditterent 
strength,  from  one  of  1620  lines  per  square  centimetre  to  one 
of  10,450  lines,  as  well  as  through  fields  of  intermediate 
strength,  3680;  8210;  8800;  that  is,  different  fields  of  these 
mean  values,  not  these  values  for  different  parts  of  the  same 
field,  the  susceptibility  of  bismuth  (the  most  diamagnetic  sub- 
stance) was  constant  at  —  12.4,  the  minus  sign  denoting  dia- 
magnetism.  Other  substances  under  same  conditions  showed 
magnetic  or  diamagnetic  susceptibility  as  follows:  marble, 

—  0.94;    antimony,  —  0.71:    glass, -h  0.58;    cedar  wood, 

—  0.16;  oak,  —  o.7^6\  tin. -r  0.35;  ebonite, 1.08;  and  aln- 

—  0.16;  oak.  0.36;  tin, +0.35:  ebonite, -|-  1.08;  and  alumi- 
The  line  of  greatest  density  of  a  body  will  take  the  axial 

or  equatorial  direction  according  to  the  natural  magnetic 
character  of  the  body.  Thus,  a  cube  of  bismuth  will  rest  indif- 
ferently in  any  direction  between  the  poles  of  an  electro- 
magnet; but  if  compressed  by  forces  on  two  opposite  vertical 
foces,  the  line  joinins^  these  faces  will  indicate  the  most  dense 
direction  of  the  body,  and  the  cube  will  turn  until  this  line 
becomes  equatorial..  Again:  if  a  paste  of  powdered  car- 
bonate of  iron  and  mucilage  be  made  and  compressed  into  a 
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thin  disc,  this  will  hang- with  its  plane  equatorially,  Fig.  145^ 
and  its  line  of  greatest  density,  therefore,  axially;  if  a  similar 
disc  of  bismuth  be  prepared,  it  will  hang  with  its  plane  axi- 
ally. Fig.  146.  and  its  line  of  greatest  density,  therefore,  equa- 
torially; if  either  disc  be  hung  horizontally,  Fig.  147,  it  will 


rest  indifferently  in  any  direction,  because  the  line  of  greatest 
density  is  vertical  and  therefore  at  right  angles  to  both  the 
axial  and  equatorial  directions. 

All  of  which  shows  that  the  density  of  a  body  has  much 
to  do  with  its  apparent  magnetic  condition. 


Teinperature  also  affects  magnetism:  at  a  bright  red 
heat,  iron  ceases  to  be  magnetic,  and  at  other  temperatures 
cobalt  and  nickel  1)ecome  devoid  of  it :  and  diamagnetic  sub- 
stances are  similarly  affected,  though  each  in  different  de- 
gree. The  varied  states  of  matter — gaseous  as  well  as  solid 
and  liquid — ^follow  the  same  rule;  in  fact,  the  law  seems  uni- 
versal. Sulphur  and  mercury  do  not  at  the  temperature  tried, 
but  this  is  no  guarantee  that  they  will  prove  exceptional  at 
higher  temperatures. 


IRON  DISC 

Fig.  X45* 


Fig.  146, 


DISC  OF  (RON 
OR  BISMUTH 

Fio.  147. 
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Later,  a  theory  of  magnetism  will  be  stated  that  has  re- 
ceived much  favor:  briefly,  it  consists  in  attributing  mag- 
netic effects  to  currents  of  electricity  that  circulate  forever  in 
the  atoms  of  matter  and  are  confined  to  the  limits  of  the 
.atoms — that  the  non-magnetic  state  is  due  to  the  axes  of  the 
atomic  circuits  being  turned  heterogcneously,  so  that  the  cur- 
rents neutralize  each  other,  as  when  two  wires,  the  direct  and 
return,  are  led  side  by  side  to  destroy  each  other's  effect— 
and  tliat  the  magnetic  condition  lieconies  manifest  when  the 
atomic  circuits  are  turned  all  one  way. 

Consider  tiie  l)earniLr  of  density  and  temperature  on  this 
theory.  No  substance,  however  dense,  is  a  solid  mass  of  mat- 
ter; but  there  are  pores,  interstices,  void  spaces,  between 
atom  and  atom:  the  size  of  the  atom  is  fixed,  that  of  the  space 
variable;  compression  reduces  the  space,  heat  enlarges  it. 
Compression  concentrates  ^e  effects  of  the  atomic  currents, 
just  like  a  pointed  conductor  from  which  a  spark  leaps; 
whereas  heat  separates  the  atoms  more,  and  spreads  the  elec- 
tric condition  over  a  large  area,  thereby  lessening  the  poten- 
tial: and  thus  the  observed  effects  Of  varying  density  and 
temperature  agree  with  theory. 

83.  The  myriad  sovzces  of  electricity  and  magnetiam — 
Any  two  substances  brought  into  contact,  or  two  parts  of 
the  same  substance  at  different  temperatures.  ij;ive  rise  to  a 
difference  of  j)()tenlial  between  them,  that  is,  to  an  electric 
current  with  its  magnetic  whirl:  this  current  varies  greatly 
with  the  substances  used  antl  also  with  the  degree  of  heat 
applied  to  their  point  of  juncture.  It  is  the  principle  of  the 
tiierniopilc — a  kind  of  electromagnetic  thermometer.  The 
principle  may  be  traced  in  the  static  machine,  where  the 
friction  of  two  dissimilar  materials — glass  and  leather — 
brings  particles  of  both  into  intimate  contact,  and  heats  them 
and  excites  electricity  in  abundance.  Apart  from  this  arti- 
ficial machine,  however,  there  are  throughout  Nature  multi- 
tudinous instances  of  the  friction  of  dissimilar  substances  that 
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are  quietly  and  steadily  exciting  the  electromagnetic  state. 
Consider  evaporation:  it  is  rapid  from  the  broad  expanse  of 
Tropical  seas,  and  less  and  less  so  as  we  travel  toward  the 
frozen  Zone;  but  everywhere  it  brings  particles  of  air  and 
water  at  differing  temperature  into  frictional  motion,  thereby 
conducing  to  those  electrical  accumulations  that  burst  forth 
with  blinding  flash  and  sonorous  reverberation.  Both  the 
growth  and  decay  of  vegetation  is  essentially  a  chemical 
process,  and  hence  evolves  electricity.  During  the  day» 
plants  give  out  oxygen — a  paramagnetic  substance;  the 
Earth  is  verdant  with  foliage — ^in  places  perennially  so — and 
these  liberated  atoms  of  oxygen,  which  are  more  magnetic 
that!  ilic  most  rua^iictic  liquid  (protochloride  of  iron)  are  so 
many  charged  coiidiictors  flitting^  thrtiiigh  space  and  clash- 
ing with  the  varied  other  motes  that  compose  the  at- 
mosphere. 

The  downpour  of  rain,  which  is  universal  over  tlie  globe, 
and  torrential  in  some  zones,  excites  the  electric  condition 
both  l)y  friction  with  the  air  in  its  descent  and  by  impac" 
with  the  surface  of  ocean,  lake,  or  river,  or  even  solid  matter 
upon  which  it  falls. 

The  upper  regions  of  space  glisten  with  icy  crystals  that 
rub  against  the  rarefied  atmosphere  and  give  rise  to  elec- 
tricity; the  confused  masses  of  whirling  hail  and  air  are  so 
many  generators  of  it;  volcanoes  belch  forth  dust  and  vapor 
that  become  electri6ed  by  the  friction  of  eruption;  and  the 
sands  of  the  desert,  hot  and  gritty,  drive  through  the  air  and 
contribute  their  quota. 

Elect  l  icit  V  is  excited  by  the  mechanical  actions  of  twist- 
ing, bending,  and  sliock  of  substances:  by  the  intermediary 
of  heat,  chemical  action,  magnet-motion,  and  induction  <>f 
one  current  by  another:  and  all  these  agencies  exist  in  Nature 
in  large  mimber  and  \aried  <Iegree:  but  from  whatever 
source  it  comes,  electricity  is  always  the  same. 


Digitized  by  Google 


CHEMICAL  AC 2' ION  A  SOLKCE  OF  ELECTRICITY.     1 59 


Section  Two :  Chemical  Action,  in  Particular,  a  Source  of 

Electricity. 

83.  There  are  many  degrees  of  affinity  between  the  atoms 
of  the  various  chemical  elements:  and  it  is  the  tendency  to 
satisfy  the  highest  decree  of  this  aiiraction  that  iini)els  atoms 
of  one  kind  to  dislodi^c  others  and  form  new  compoimds: 
but  besides  this  voluntary  abandonment,  atoms  may  be  forci- 
bly divorced;  and  both  means  of  separation,  or  "  dissocia- 
tion," are  chemical  actions,  which  always  disturb  the  elec- 
trical equilibrium  of  the  rent  bodies. 

A  certain  amount  of  heat  will  melt  ice,  still  more  will 
convert  the  water  into  steam,  and  more  yet  will  disrupt  this 
into  gas— oxygen  and  hydrogen:  the  liquefaction  and  va- 
porization are  mechanical — ^the  dissociation  of  the  vapor»  a 
chemical  action.  It  is  effected  through  the  agency  of  heat, 
or — ifrom  the  view  taken  of  this — ^the  imparting  to  the  atoms 
such  violent  vibration  or  quivering  as  to  swing  them  clear 
of  each  other's  attrac  tion. 

Electricity  is  another,  and  the  most  efticient.  agent  for 
effecting  dissociation  of  atoni>.  The  process  is  termed 
Electrolysis.  <  )nly  certain  liquitU  are  amenable  to  this 
analysis,  and  matter  in  the  solid  state,  not  at  all.  One  in- 
stance— the  decomix>sition  of  water — will  be  described,  as  it 
throws  some  light  on  the  production  of  electricity  by  chem- 
ical action. 

In  Fig.  148,  BB,  are  two  galvanic  cells  from  which  wires, 
lead  to  strips  of  platinum,  a  and  ^,  called  electrodes; 
these  project  into  a  vessel  partly  filled  with  acidulated  water; 
glass  tubes  (closed  at  one  end)  are  filled  with  %vater  and  in- 
verted over  the  electrodes.  The  platinum  is  not  attacked  by 
acid,  so  that  no  chemical  action  takes  place  between  the  elec- 
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trodes  and  the  liquid.  The  current  from  the  cells  enters  by 
the  anode,  a,  passes  through  the  water — polarizing  and 
decomposing  it — and  leaves  by  the  kathode  k.  During  its 
progress  the  water  in  the  tubes  will  fall — forced  down  by  the 
gases  resulting  from  decomposition,  which  ga^er,  the  hydro- 
gen about  the  kathode  and  the  oxygen  about  the  anode,  and 
rise  through  the  water  in  •the  tubes.  The  vc^umes  of  the 
gases  are  exactly  those  known  to  constitute  water,  and  that 
they  are  really  these  gases,  may  be  proved  by  puncturing  the 
tops  of  the  tubes,  when  the  hydrogen  will  bum  and  the  oxy- 
gen will  cause  a  dying  ember  to  burst  into  flame. 


Fig.  14S. 


But  the  point  especially  to  be  observed  in  this  process  is, 
that  each  electrode  is  the  rallying  center  for  one  kind  of  ele- 
ment, distinct  from  the  other. 

If  the  liquid  had  been  chloride  of  tin,  chlorine  gas  would 
collect  about  the  anode,  and  metallic  tin  be  deposited  on  the 
kathode.  The  principle  is  gfeneral,  whatever  the  sul)stance 
analyzed;  and  of  all  the  chemical  cienicnts.  about  one-third 
will  follow  the  example  of  oxygen,  chlorine,  sulphur,  and 
bromine  in  seeking"  the  anode,  while  the  remaiin'm:  two- 
thirds,  like  hydrogen,  tin,  copper,  potassium,  and  the  metals 
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generally,  will  proceed  to  the  kathode.  This  points  distinctly 
to  two  classes  of  oj)posite  condition  into  which  the  atoms  of 
matter  naturally  divide  themselves:  they  proceed  to  the  op- 
posite poles  of  a  battery;  their  voluntary  union  or  attraction 
gives  rise  to  a  current  of  electricity  (as  will  be  presently 
shown),  and  this  in  turn  will  act  as  a  forcible  agent  of 
disruption. 

The  two  categories  of  atoms  behave  toward  each  other 
like  oppositely  charged  conductors:  bring  these  close 

enough,  and  they  will  rush  into  contact  with  a  visible  display 
of  electrical  disturbance — a  >j)ark:  essentially  a  current. 

This  duality  of  electrical  cuudition  of  all  matter  coupled 
with  its  duality  of  magnetic  condition  dcscriht'd  in  Art.  8j, 
strongly  point  tu  i)olarity  of  tins  nature  hcini^  the  motive 
power  that,  as  chemical  affinity."  makes  atoms  chng  to 
each  other  with  varied  tenacity,  just  as  two  magnets  of  ditTer- 
ent  size  and  strength  will;  or,  briefly,  that  chemical  affinity 
is  but  electromagnetic  attraction  between  atoms. 

A  dynamo  excites  a  current  of  electricity,  and  this  will 
run  a  motor,  which  is  but  the  converse  of  the  dynamo;  mo> 
tion  goes  into  the  dynamo  and  current  comes  out — current 
goes  into  the  motor  and  motion  comes  out:  similarly,  the 
rending  of  atoms  is  the  converse  of  their  combination— elec- 
tricity will  effect  the  former,  and  it  results  from  the  latter. 
This  will  now  be  described. 

Let  Fig.  149  be  a  vessel  containing  a  mixture  of  water 
and  sulphuric  acid  into  which  a  plate  of  copper  and  one  of 
zinc  are  immersed:  if  either  plate  alone  be  coiuiected  1>\  wire 
with  an  electrometer,  it  will  appear  electrified;  if  hoth  plates 
are  brought  into  contact,  as  in  Fig.  150,  tlic  zinc  wastes 
away,  the  acid  grows  weak,  huhhles  of  <^ns  rise  from  the  sur- 
face of  the  copper,  and  if.  now.  the  plates  be  quickly  sep- 
arated, a  little  spark  will  flash  where  they  touched.  An  elec- 
trical disturbance  has  taken  place  while  the  plates  were 
together:  it  is  defined  as  a  current—circulating  in  the  direc- 
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tioii  of  the  arrows.  It  may  be  renewed  at  will  by  joining  the 
plates,  or  stopped  by  separating  them. 

If  the  two  plates  had  l)een  of  the  same  material,  as,  for 
instance,  zinc  of  the  same  kind,  no  indication  of  a  current 
would  be  observed:  the  zinc  would  waste  away  as  before^ 
but  both  plates  undergoing  the  change  equally,  the  resulting 
currents  would  be  equal  and  opposite  and  neutralize  each 
other. 

The  essential  conditions,  then,  for  a  current  are:  exterior 
contact  of  two  metals  which  are  tinequally  acted  upon  by  a 
conducting  Uquid  that  is  susceptible  of  decomposition,  and 
one  of  whose  elements  will  combine  with  one  of  the  metals. 
There  is  a  large  number  of  metals  and  liquids  that  will  fulfill 
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these  conditions,  but  in  (bdcrent  degrees,  and  with  a  corre- 
sponding difference  in  the  current  they  yield. 

The  zinc-copper-acid  combination  of  Fig.  139  (p.  147)  is 
but  typical  of  an  almost  endless  variety  of  galvanic  cell:  it  is  a 
chemical  furnace  for  exciting  electricity,  just  as  a  coal  furnace 
is  for  supplying  heat.  The  energy  that  comes  out  as  current 
is  inherent  in  the  zinc  and  acid  in  the  same  way  that  it  is  in 
the  coal  and  oxygen,  and  only  needed  suitable  conditions  to 
bring  about  combination — a  chemical  action  in  both  cases 
— ^that  yields  electricity  in  one  and  heat  in  the  other. 

Consider,  now,  some  technical  points  of  this  cell  (Fig.  1 39. 
p.  147),  which,  however,  apply  equally  well  to  any  kind  of  cell: 
both  metals  are  attacked  by  the  acidulated  liquid  and  a  cur- 
rent results  from  each  proceeding  in  opposite  directions;  but 
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the  chemical  action  of  one  is  so  much  more  vigorous  than 
that  of  the  other  that  its  current  overshadows  the  weaker, 
and  this  is  tacitly  ignored.  The  stronger  current  in  the  pres- 
ent case  is  from  the  zinc»  and  the  portion  of  this  metal  in  the 
liquid  is  called  the  positive  element,  because  the  current  starts 
from  it;  the  part  of  the  copper  in  tite  liquid  is  called  the  neg^a- 
tive  element,  because  tlic  current  comes  to  it  (its  own  weak 
offspring  being  dropped  from  view):  but  in  air,  ihe  course 
of  the  current  is  fro>n  copper  fo  zinc,  these  terms  are  reversed, 
and  copper  becomes  the  positive  pole,  and  zinc  the  negative 
pole. 

What  is  this  current  of  electricity?  Nothing  material, 
either  visible  or  invisible — as  a  current  of  water  or  of  air — 
flows  along  the  wire;  and  the  energy  existent  there  is  known 
only  by  its  effects — thermal,  chemical,  magnetical,  physio- 
Jogica],  and  mechanical;  for  it  will  melt  a  hlament  of  metat, 
decompose  a  liquid,  direct  a  compass-needle,  give  a  violent 
shock  to  a  living  body,  or,  if  strong  enough,  propel  a  street- 
car along  its  track.  Consider  how  this  powerful  energy  arises: 
zinc  and  oxygen  have  strong  afHnity  for  each  other;  the  lat- 
ter exists  in  the  liquid  combined  with  hydrogen,  and  as  a 
compound  molecule  moves  about  indiflFerently;  but  once  the 
zinc  is  introduced  into  their  midst,  all  the  molecules  face 
al)()ut  in  parallel  lines  and  present  their  oxygen  sides  to  the 
attracti\  e  electrode  while  the  hydrogen  faces  the  copj)er. 

This  is  callerl  polarization  of  the  li(piid.  'I'lie  acid  loosens 
the  tie  between  the  atoms,  the  oxyj^en  parts  coTtipnny  witli  its 
mate,  unites  with  the  zinc  forming  oxide  of  zinc,  and  this  in 
turn  combines  with  the  sulphuric  acid,  forming  sulphate  of 
zinc,  while  the  hydrogen  proceeds  to  the  other  electrode. 

The  usual  explanation  of  the  resulting  current  is,  that 
each  atom  had  a  definite  quantity  of  electricity — one,  of  the 
positive;  the  other,  of  the  negative,  kind — and  that  both  de- 
livered up  their  respective  charges  to  the  electrode  of  their 
'  choice.   But  what  did  they  deliver  up— a  material  burden? 
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Surely  not.  Motion?  This  well  can  be.  If  the  current  is 
denied  passage  by  omitting  the  exterior  circuit,  the  cell  itseU 
will  become  heated,  and  what  is  this  but  increased  motion  of 
the  molecules. 

Provide  a  circuit,  and  will  not  this  increased  motion  take 
another  form — still  motion — ^and  traverse  it  as  an  electric 
current? 

A  vibrating  bell  delivers  up  its  motion  to  the  surround- 
ing medium  and  we  have  waves  of  air:  why  not  the  violent 

quivering  of  atoms  consequent  upon  rupture,  or  their  clash 

of  combination,  deliver  up  the  increased  motion  to  the  ether 
in  which  they  arc  iiniucrscd.  and  this  take  it  up  as  an  alter- 
nately stressed  and  lax  condition,  which  is  called  a  current 
of  electricity?  And  it  will  he  just  as  reasonable  to  conceive 
the  ditYcrcnt  atoms  of  matter  su>eeplil>le  of  definite  ni<:»iion  of 
a  certain  kind,  as  to  imaj^ine  them  possessed  of  a  sj)eciric 
charge  of  electricity,  whether  by  tliis  is  meant  a  material 
liquid,  a  spirit,  an  effluvium,  or  something  else  equally 
vague. 

Separately,  the  zinc,  sulphur,  and  oxygen  had  more  in- 
herent  energy  than  when  combined  as  sulphate  of  zinc:  so, 
too,  the  coal  and  air,  before  they  met  in  the  furnace,  had 
more  energy  than  the  carbonic  acid  resulting  from  their  com- 
bination; how  account  for  the  deBcit?  Enei^y  has  for 
factors,  matter  and  motion:  the  former  did  not  vary — the 
same  quantity  of  matter  was  present  in  the  dianged  state  as 
before  combination;  it  must,  then,  have  been  the  motion 
that  fell  off  as  a  factor  of  the  compound  and  became  manifest 
as  a  current  uf  electriciix  in  the  chemical  cell  and  as  greater 
heat  in  the  household  furnace. 

But.  whatever  is  delivered  up  by  the  atoms — motion,  or 
the  va^ue  electricity — its  amount  is  always  the  same:  the 
electrochemical  eiiuivaleiit  of  atoms  is  a  well-defined  quan- 
tity. The  stronger  the  current,  or  the  longer  it  runs  in  the 
electrolytic  cell,  the  greater  the  number  of  molecules  it  will 
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separate;  and  conversely,  the  galvanic  battery  will  yield  cur- 
rent of  a  power  and  volume  in  strict  conformity  to  the  chem- 
ical reaction  that  takes  place.  The  same  current  passing  for 
the  same  time  througfh  several  electrolytic  cells  holding  the 

following  metals  in  suluiion,  will  deposit  66  grammes  of  gold, 
108  grammes  of  silver,  28  of  irun,  jS  of  nickel,  or  32  (jf  zinc 
for  every  gramme  of  liydrogen  liberated;  and  conversely,  if 
these  weights  of  the  several  metals;  l>e  free  and  susceptible 
of  combination  with  other  elements,  they  will  produce  by 
such  chemical  action  tlie  same  current  for  the  same  time  that 
dissolved  them  from  their  bonds. 

84.  The  Son  probably  a  source  of  electzonuignetic  energy. 
— ^According  to  the  nebular  theory,  the  various  bodies  of  the 
solar  system  once  spread  out  as  a  vaporous  mass  to  the 
utmost  confines  of  this  system,  and  each  body  is  due  to  a 
center  of  gravitation,  which  attracted  to  itself,  during  millions 
of  years,  the  surrounding  matter,  until  to-day  we  have  the 
spherical  forms  of  Sun,  Earth,  and  planets.  Even  yet,  frag- 
mentary matter  is  adrift  in  interplanetary  space,  as  shooting 
stars  and  other  meteorites  prove. 

The  contraction  of  the  Sun — the  gravitation  of  its  mass 
into  more  dense  volume — which  is  still  going  on,  is  r<)iisi(l- 
ered  the  most  probable  source  of  its  heat;  for  the  grinding 
together  of  its  constituents  in  this  process  will  evolve  great 
heat. 

The  Sun  is  shrinking,  but  so  slowly  that  the  amount,  ac- 
cording to  calculation,  necessary  to  replace  its  radiation, 
would  require  nearly  ten  thousand  years  to  be  observed  by 
delicate  instruments. 

Kqual  volumes  of  sulphuric  acid  and  water — ^if  mixed — 
will  combine  with  avidity  and  give  out  great  heat,  the  result- 
ing volume  being  much  less  than  the  sum  of  the  separate 
parts:  shrinkage  has  taken  place  in  the  intimate  chemical 
union  of  the  liquids. 

It  has  already  been  shown  that  the  contact  of  different 
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substances  produces  electricity;  that  chemical  action  causes 
it;  and  that  mechanical  crushing,  grinding,  and  compression 
of  matter  give  rise  to  it:  now,  in  the  Sun  there  is  a  la.gc 

variety  of  substances — iron,  nickel,  copper,  zinc,  sodium, 
carbon,  hydrogen,  and  many  more;  tlie  nuclcns  may  be  a 
viscous  mass,  but  if  so,  it  is  the  kernel  of  a  mohen  shell  that, 
in  turn,  is  enveloped  by  a  photo>phere  of  ^flowing  gas:  in 
the  Sun.  therefore,  all  the  conditions  for  producing  the  elec- 
troniai^nelic  state,  exist — variety  of  matter,  great  heat, 
chemical  action,  and  the  grindinj^^  and  crushing  of  shrinkage: 
would  it  not,  hence,  be  expected  that  what  results  from  these 
conditions  on  the  Earth  should  also  take  place  on  the  Sun? 

Section  Three :  The  £lectricity  of  the  Air. 

85.  That  the  Air  is  a  vast  reservoir  of  electricity  is  abun- 
*  dantly  shown  by  its  periodic  rise  to  a  climax  of  tension  and 
outburst  in  the  thunderstorm.  It  has  been  examined  by  vari- 
ous means:  long-pointed  wires  extending  above  the  Earth; 
arrows  shot  upward;  kites  flown  high  in  air;  and  balloon 
ascensions.  Gilt  thread  connected  these  devices  with  an 
electroscope  on  the  Earth,  and  thus  the  potential  of  the  elec- 
trification was  indicated  as  the  arrow^  kite»  or  balloon  moved 
into  upper  regions. 

Observations  have  been  made  in  divers  c(nmlries.  at 
every  hour  of  the  day,  in  all  conditions  of  weather,  and  at 
hei.j^hts  uj)  to  23.000  feet;  yet,  beyond  a  few  facts,  little  has 
been  learned  dehnitely. 

In  fine  weather,  the  air.  relatively  to  the  b'artb,  is  i)Osi- 
tively  electritied,  and  the  potential  increases  with  the  eleva- 
tion; but  in  storms,  with  varying  winds,  cloudiness,  rain, 
and  other  unsettled  conditions,  it  is  either  positive  or  nega- 
tive, and  sometimes  rapidly  changes  from  one  to  the  other. 
The  condition  may  be  likened  to  that  of  a  Leyden  jar — the 
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Earth  negatively  charged,  the  clouds  positively,  and  the  neu- 
tral  space  between,  a  dielectric:  when  the  vapory  mass  be* 
comes  overburdened,  the  charge  surges  from  Heaven  to 
Earth  in  lightning  flashes.  Outside  of  these  violent  commo- 
tions, there  is  a  regular  ebb  and  flow  of  electrification,  just  as 
of  tides  in  a  harbor,  or  llie  atmosphere  wiiliin  ihe  Tropics. 
The  electrical  t1iictiiatioi>  is  as  follows:  a  minimum  about 
4  a.m.;  a  maximum  about  9  a.m.:  a  second  minimum  about 
3  p.m.;  and  a  second  ma.ximmn  about  10  p.m.;  but  each  of 
these  is  a  mean  between  considerable  extremes,  and  they  also 
vary  with  locality  and  season. 

There  is  everywhere  a  decided  difiference  between  the 
electric  potential  of  Winter  and  Summer:  it  rises  from  No- 
vember until  January — ^when  it  is  greatest — then  falls  until 
March,  and  runs  along  at  a  low  level  during  Summer,  the 
average  for  the  two  seasons  often  differing  as  much  as  ten  to 
one.  The  seasons  in  the  Southern  hemisphere  cover  months 
the  opposite  of  those  in  the  Northern,  and  as  the  electrical 
condition  corresponds  to  the  season,  and  not  to  the  month, 
this  indicates  a  connection  between  it  and  the  movement  of 
the  Sun. 

Various  explanations  have  been  offered  (and  combatted) 
for  the  electricity  of  the  air:  one  constituent  of  the  air  itself 
is  ma^-netic:  processes  are  forever  i^oitit;'  on  that  yiekl  elec- 
tricity from  both  land  and  sea — exaporatioii  and  vegetation; 
'and  the  Sun  is  considered  a  direct  source.  Tn  supi>ort  of  this 
latter  view  is  the  hyj)othesis  that  the  Sun  sends  out  into  the 
ether,  waves  of  every  leni^th;  those  that  i)roduce  heat,  light, 
and  chemical  change  we  experience  directly — but  may  there 
not  be  other  waves  which  are  transformed  in  the  rarer  strata 
of  the  atmosphere  and  become  known  to  us  by  their  electro- 
magnetic effects?  This  would  constitute  the  Sun  the  g^eat 
central  source  of  all  these  various  forms  of  energy. 

Oxygen  is  the  most  strongly  magnetic  of  all  gases:  a 
cubic  yard  of  it,  compressed,  would  exert  an  effect  upon  a 
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magneiic  needle  equal  to  five  grains  of  iron — that  is,  it 
lessens  to  this  degree  the  T^artii's  directive  force  upon  the 
compass,  in  the  same  way  that  a  conning  tower  does:  now 
this  gas,  in  its  free  state,  forms  one-fifth  the  volume  of  the 
atmosphere;  the  air  is  forever  in  motion— often  violently  so 
— and  the  mere  movement  of  these  myriad  magnetic  motes 
should  excite  an  electrihed  condition. 

The  solar  rays  decompose  the  carbonic  acid  of  the  air» 
setting  free  more  magnetic  oxygen  and  converting  the  car- 
bon into  leaf,  wood,  and  bark;  in  due  time  these  decay  and 
carbonic  acid  is  formed  anew:  quietly,  but  on  a  grand  scale, 
it  is  the  process  of  the  galvanic  cell — ^vegetation  contributing 
to  the  electrification  of  the  surrounding  medium. 

The  hydro-electric  machine  is  a  means  of  producing  elec- 
tricity by  evaporation:  hot  steam,  by  its  friction  against 
the  inner  surface  of  a  pipe,  becomes  so  charged  with  elec-  • 
tricity  that,  upon  issuance,  it  delivers  up  to  a  suitably  pre- 
pared conductor  such  quantity  that  sparks  several  feet  long 
may  he  drawn  from  it.  If  distilled  water  be  drop|>ed  upon  a 
red-hot  platinum  vessel  connected  with  an  electroscope,  its 
mere  evaporation  will  not  give  rise  to  electricity;  neither  will 
acids  pure  and  concentrated;  but  solutions  of  acid  and  water 
will,  and  the  salt  zcatcr  of  flic  sea.  which  has  been  particularly 
examined,  affords  electricity  in  notable  quantity  when  thus 
evaporated.  If  an  insulated  copper  plate,  spread  with  earth 
moistened  with  salt  water,  be  exposed  to  the  Sun's  rays,  elec- 
tricity from  evaporation  will  be  indicated  by  an  electroscope 
in  connection  with  the  plate;  and  the  amount  will  be  in- 
creased by  agitating  the  air  above  the  plate,  for  this  will 
remove  the  air  already  charged  and  hasten  the  evaporation. 
Now  evaporation  is  going  on  from  every  humid  soil  and  salty 
sea.  but  most  rapitlly  in  Tropical  climes:  the  general  sy^^tem 
of  winds  is  upward  from  the  Equator  into  higher  regions, 
thence  toward  the  Tholes,  steadily  descendiiiL:.  and  eventually 
toward  tropical  zones  again  as  surface-currents;  however 
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short  a  distance  tlie  warm  vapor  from  equatorial  seas  may 
accompany  the  winds  in  their  progress,  it  is  constantly  rub- 
bing against  new  and  cooler  strata  of  air,  comix)sed — of 
what? — free  atoms  of  oxygen  (which  is  magnetic)  and  nitro* 
gen— diflferent  kinds  of  matter  in  different  conditions,  essen- 
tially a  state  of  affairs  that  in  the  hydro-electric  machine  sup- 
plied electricity  in  such  abundance! 

And  exactly  above  the  heated  equatorial  belt  where  these 
natural  conditions  of  evaporation  and  friction  exist  for  evolv- 
ing electricity,  do  take  place  those  vivid,  violent,  and  deadly 
electrical  commotions. 

In  Art.  82  many  natural  sources  of  electricity  were 
named,  and  while  no  single  one  of  them  or  of  those  stated 
in  this  article,  may  sufhcc  to  give  the  heavy  charges  that  oft- 
times  burden  our  atmosphere,  still  all  coinl)ined  seem  ade- 
quate to  it:  and  they  dn  exist,  each  contributing  its  share. 

The  electricity  of  the  air  is  but  an  extension  into  space  of 
the  magnetic  condition  of  the  Earth,  and  therefore,  for  the 
purpose  of  this  book,  it  is  important  that  every  fact  contribu- 
tory to  its  explanation  should  be  made  use  of;  it  is  not  of  the 
nature  of  mere  information  that  may  embellish  a  morning 
talk  about  the  weather,  but  knowledge  that  enables  us  to 
understand  the  directing  influence  upon  the  compass:  for 
this  reason  some  very  recent  matter  regarding  the  subject 
will  be  stated  here.  It  appeared  in  Engineering,  and  was 
reprinted  in  The  Electrician,  from  which  it  is  quoted: 

"  It  is  curious  to  notice  the  extensive  use  made  of  kites 
in  electrical  exploration:  they  are  not,  however,  as  simple  in 
bnild  as  that  used  by  Franklin.  The  well-proportioned  kites 
of  the  Hargrave  pattern,  while  better  able  to  cleave  their 
way  through  the  air  and  to  remain  j>niscfl  in  e(|nilibrium  for 
a  long  time,  have  only  this  in  common  with  their  historical 
prototype — that  the  fine  cord  which  serves  to  fly  them  has  a 
thin  copper  wire  wound  spirally  round  it. 

The  end  of  this  conductor  is  connected  at  the  observ- 
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itig  station  with  the  needle  of  an  electrometer,  one  pair  of 
quadrants  being  kept  at  a  constant  Iiigh  potential  aiul  tlie 
other  at  an  equal  low  ])otential.  This  affcjrds  the  best  means 
of  determining  tlie  electrical  conditions  oi  the  lug  her  regions 
of  air.  Duriiii^-  the  first  few  months  of  1899  ten  kite  ascents 
were  made  at  the  Blue  Hill  Observatory,  about  ten  miles 
from  Boston.  The  average  altitude  attained  was  7600  feet,  the 
greatest  being  12,300  feet.  The  most  notable  results  ob- 
tained at  the  Blue  Hill  Observatory  showed  that  showery 
or  thunderstorm  weather  is  not  the  only  one  which  gives 
strong  electrical  indications:  even  with  a  clear  and  cloudless 
sky,  the  needle  of  the  electrometer  would  move  sometimes 
creepingly  and  at  other  times  violently  from  its  zero  position* 
"  From  the  instrument^room  of  the  Observatory  it  was 
easy  to  tell  by  watching  the  spot  of  light  focussed  on  the 
scale  [the  visible  means  of  showing  the  electrification], 
whether  the  kite  was  rising  or  falling,  or  whether  it  was  sta- 
tionary,  the  needle  promptly  responding  to  every  change  of 
altitude. 

"  On  one  occasion  a  kite  was  let  out  at  1 1  a.m.  and  kept 

up  until  10  p.m.:  toward  sunset  tlie  spot  of  lijjht  became 
restless,  and  shortl)  atierward  a  storm  was  seen  looming^  up 
from  the  west;  while  it  continuetl,  a  perfect  fusillatle  of 
sparks  could  be  drawn  from  the  wire,  and  as  the  darkness 
increased,  a  torrent  of  sparklets  played  between  the  air-p^aps 
of  the  quadrants,  the  incessant  sizzling  threatening  at  times 
to  burn  the  instrument  out.  .  .  . 

*'  The  followint;  tabic  shows  the  potentials  recorded  at 
two  stations  in  Washington  on  a  November  day,  the  first 
being  500  feet  above  the  ground  and  the  second  45  feet.  The 
apparatus  used  at  both  were  the  usual  water  dropping  col- 
lector and  its  associated  electrometer. 

"  Higher  potential  differences  frequently  occur  in  electric 
storms.  Mr.  McAdie  relates  that  one  May  afternoon.' while 
up  in  his  Washington  eyrie,  500  feet  above  the  surrounding 
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thorouglifare,  lie  noticed  over  the  Virginia  lulls  a  patch  of 
dark  cloud,  and  thereby  knew  that  a  thunder-squall  was  at 
Jiand.  *  At  ten  minutes  to  three  (he  writes)  the  clouds  are 
•overhead,  and  this  is  the  last  we  shall  see  of  the  outside  world 
until  the  storm  is  over,  for  it  is  necessary  that  the  heavy 
marble  door  windows  be  swung  to.  All  is  dark  in  the  [Wash- 
ington] monument,  save  for  the  beam  of  reflected  light  trav- 
elling along  the  ground-glass  scale. 


Tlaae. 

Fim  Sutiea, 
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" '  From  the  south  window  the  nozzle  of  the  water  drop- 
ping collector  protrudes  through  a  small  opening.  The  wind 
rises,  and  we  notice  the  needle  moving  steadily  toward  the 
point  marked  1000  volts  positive.  This  means  that  the  pull 
upon  the  air  is  steadily  increasing.  Suddenly  the  needle  flies 
to  the  other  side  of  the  scale,  and  we  know  that  the  air.  like 
a  piece  of  overstretched  rubber,  has  snajipcd  under  tiie  strain. 
The  pull  is  now  negative;  the  needle  dances  about,  and  wc 
hear  outside  the  rumble  of  the  distant  tluiiuler.  Nearer 
comes  the  storm,  judg^ing*  from  the  rapid  tUictuations  of  the 
needle:  values  of  3000  or  40(X)  volts  are  recorded.*  [At  the 
Eiffel  Tower  in  Paris  vahtes  as  hicfb  'is  io.lkxj  volts  have  been 
registered;  and  the  tension  denoted  by  these  numbers  may 
be  better  appreciated  when  it  is  stated  that  1500  volts  are 
ordinarily  used  with  the  electric  chair  in  Xew  York  for  the 
execution  of  criminals.]  *  Placing  the  eye  close  to  the  peep- 
hole through  which  the  nozzle  protrudes,  the  little  stream  of  . 
water  is  seen  twisting  and  breaking  into  spray,  but  becomes 
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normal  as  iuoii  as  a  lia^ii  uccuLs,  only  to  begin  to  twist  and 
disturb  itself  again/ 

*'  Such,  in  brief,  is  the  history  of  iii()>t  of  our  llmndcr- 
stonn>.  as  it  is  also  of  snow-storms,  and  especially  of  hail- 
storms. 

During  these  hist,  the  l)cha\  iur  of  the  spot  of  light  is 
often  of  the  wildest  character,  thereby  denoting  electrical  dis- 
turbances of  a  high  order.  .  .  . 

*'  In  ascending  through  the  atmosphere  during  normal 
conditions  of  potential,  a  rise  of  about  50  volts  per  foot  wilt 
be  experienced;  but  steeper  gradients  are  not  uncommon* 
To  determine  the  limits  of  the  electric  lield  beyond  the  Earth,, 
we  must  appeal  to  observations  taken  at  the  greatest  possi- 
ble heights.  An  analysis  of  the  records  of  the  Observatory 
situated  in  Salzburg  at  an  altitude  of  ten  thousand  feet,  as 
well  as  of  observations  taken  in  balloon  ascents,  tends  to 
show  that  this  normal  field,  like  our  atmosphere,  is  confined 
to  comparatively  small  limits:  while  the  atmosphere  does  not 
much  exceed  one  hundred  mtlest  the  electric  shell  seems  not 
to  extend  beyond  ten  or  fifteen  thousand  feeL  At  this  and 
greater  altitudes  there  appears  to  be  such  little  appreciable 
variation  of  potential  that  we  may  say  the  field  is  practically 
constant:  this  would  mean  that  the  Earth's  lines  of  electric 
force  end  at  about  that  cIe\at:on.  and  that  we  liave  there  the 
location  of  the  positive  charge  corre>pon<ling  to  ihc  nega- 
tive electrification  of  the  jLrronnd. 

"This  layer  and  the  snrface  of  the  Earth  form  the  coat- 
ings of  Xature's  great  condenser.  t>iir  buildings  and  monu- 
ments project  s<jnie  little  distance  uj>  between  them,  and  the 
heavier  clouds  of  our  skies  sail  al)Out  at  varying  heights 
through  this  heterogeneous  dielectric, 

"  It  is  not  enough,  however,  to  recognize  the  fact  of  this 
electrical  separation;  we  want  further  to  know  what  may  be 
the  causes  of  so  remarkable  and  permanent  a  phenomenon. 
.  .  .  Some  of  the  causes  have  already  been  mentioned^ 
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and  two  of  them  will  now  be  dealt  with  a  little  more  at  length. 
That  the  rubbing  of  dust  and  sand  particles  against  the  air 
is  a  potent  cause  of  electrification,  is  well  borne  out  by  obser- 
vations made  in  the  Sahara  Desert,  especially  during  the 
prevalence  of  the  sirocco.  M.  Feret,  writing  in  Cosmos,  Oct. 
17,  1899,  says:  '  II  sufiit  alors  d*une  couverture  brusque- 
ment  deployee,  d'un  peigne  vite  passe  dans  les  cheveux  ou 
la  barbe  pour  produire  des  etincelle&  Les  tentes  se  trans- 
forment  en  autant  de  bouteilles  de  Leyde,  d*ou  Ton  peut  tirer 
au  plus  leger  frolement  des  etincelles  de  15  'et  meme  25 
centimetres/  .  .  . 

"  By  a.  very  careful  investigation,  Prof.  Lenard  showed 
that  when  drops  of  water  fall  upon  a  water-surface,  they  give 
a  negative  charge  tcf  the  air;  and  if  allowed  to  fall  upon  a 
hard,  wet  slab  of  any  material,  4he  «ir-charge  is  considerably 
increased.  He  also  satisfied  himself  that  no  charge  was  com- 
nuinicafed  to  the  air  while  the  drops  were  actually  falling,  the 
seat  of  electrical  disturbance  being  the  a<,ntate(l  water  at  the 
foot  of  the  fall  or  the  rocks  on  which  the  <lr()i)s  imj)inged. 
He  also  found  that  the  negative  electrilication  of  the  air  was 
modified  by  the  pre -rm  e  of  comniou  salt  dissolved  in  ilie 
water,  as  small  a  quant iiy  as  one  per  cent  sutBcing  to  change 
its  sign.  With  five  per  cent  the  development  of  positive  elec- 
trification was  a  maximum. 

•*  These  results  appeared  to  have  such  an  important  bear- 
ing on  electrical  theory  in  general,  and  also  on  the  origin 
of  atmospheric  electricity,  that  they  were  repeated  by  Lord 
Kelvin  and  Mr.  McLean  in  the  physical  laboratory  of  the 
University  of  Glasgow.  All  Lenard's  observations  were 
confirmed  hut  one,  the  exception  being  a  very  important  one. 
These  Glasgow  experiments  did  not  show,  as  Lenard  in- 
ferred from  his,  the  absence  of  all  electrification  while  the 
•drops  were  passing  down  through  the  air;  for,  when  there 
was  no  obstruction  to  the  artificial  shower,  evidences  of  a 
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small  degree  of  negative  electr  ficaiion  were  always  detected. 
This  is  a  very  signiticant  and  sut^i^esiive  observation,  because 
meteorological  records  almost  always  indicate  strong  nega- 
tive values  while  rain  is  falling. 

"  From  these  researches  we  conclude  that  every  rain-dfop 
falUng  on  the  ground,  or  on  ponds,  lakes,  and  rivers,  as  well 
as  every  drop  of  fresh-water  spray  falling  back  on  a  fresh- 
water  surface,  sends  a  minute  quantity  of  negative  electricity 
into  the  air;  whilst  every  drop  of  salt-water  spray  falling 
back  into  the  sea  from  breaking  waves  sends  positive  elec- 
tricity into  the  atmosphere.  As  by  far  the  greater  part  of  the 
Earth's  surface  consists  of  saline  waters,  positive  electricity 
must  greatly  preponderate.  It  is  not  unlikely,  then,  that  we 
have  in  the  tossing  and  wind-driven  surface  of  our  oceans  a 
distributing  power-house  ever  at  work  in  generating  the  nor- 
mal positive  electrification  of  our  atmosphere." 

* 

Section  Pour :  The  Magnetism  of  tlw  Banh. 

S6.  Aside  from  the  fantastic  olden  theories,  which  it  were 
useless  to  recount,  the  magnetic  condition  of  the  l-.arth  has 
been  ascril)ed  to  ma^:nets  located  within  its  howcls—to  a 
sincfle  short  one  at  its  center;  to  two  such  inclined  at  an 
angle  witli  each  other;  to  a  solid  sphere  revolving  inside  an 
outer  shell,  both  magnetic,  and  each  with  its  foci  nnd  period 
of  movement  dilTerent  from  the  other.  P.ut  all  sucli  were 
mere  physical  representations  oi  observeil  tacts,  in  the  same 
way  that  electricity  was  explained  by  a  fluid — the  material 
image  fitted  the  attributes,  but  the  itnage  was  the  figment, 
the  attribntes  the  reality.  Existing  physical  conditions,  how- 
ever, afford  a  reasonable  explanation,  atid  are  more  worthy 
of  consideration. 

The  magnetism  of  the  Earth  and  electricity  of  the  Air  are 
inextricably  connected  and  mutually  retroactive,  so  that  the 
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statements  of  the  preceding  Article  really  form  a  part  of 
this. 

The  magnetic  influence  is  not  like  the  rind  of  an  orange, 
of  definite  thickness;  but  it  penetrates  the  mass  of  the  globe 
and  spreads  out  into  space:  in  the  deepest  mine  the  compass 
will  point  to  its  Pole,  and  at  successive  heights,  up  to  twenty 
thousand  feet,  at  which  experiments  have  been  carried  in 
balloons,  a  horizontal  needle  made  the  same  number  of  oscil- 
lations in  a  specified  time  as  at  the  point  of  the  Earth's  sur- 
face from  which  it  started.  A  very  thin  layer  of  this  mag- 
netic atmosphere — that  immediately  enclosing  the  globe  as 
a  shell  does  an  egg — has  been  thoroughly  examined  during 
long  years,  and  the  result  stands  clearly  forth  that  the  Earth 
is  a  magnet,  but  roughly  so — contorted  and  misshapen.  The 
magnetic  atmospihere  is  considered  streaked  with  lines  of 
force  whose  direction  is  indicated  by  delicately  poised 
needles:  these  are  necessarily  confined  to  the  Earth's  sur- 
face; above  and  below  exist  the  conditions  that  i^^ivc  them 
direction,  as  well  as  arise  the  Unctnations  that  divert  them 
from  their  normal  positions,  for  the  lines  quiver  with  many 
changing  circumstances. 

The  Earth  is  full  of  all  the  different  kinds  of  metals, 
heaped  in  masses,  spread  out  in  beds,  pure,  combined  with 
each  other,  and  varinnsly  aqfcflomeratcd  witli  other  sub- 
stances; throughout  them  all  percolate  acid  licjuids.  as  the 
multitude  of  mineral  waters  that  spring  to  the  surface,  attest: 
here,  then,  is  a  network  of  galvanic  cells  of  every  form  in  per- 
petual activity,  probably  exciting  currents  of  electricity  that 
flow  beneath  the  cnist  upon  which  our  needles  are  pivoted. 

Again:  where  'acidulated  waters  do  not  run,  different 
metals  still  exist,  variously  distributed  in  quantity  and  space 
from  Equator  to  Pole;  they  touch  and  join  in  layers  and 
veins;  the  Torrid  Zone  is  forever  heated,  while  the  Poles  are 
capped  with  eternal  snow,  thus  making  of  the  Earth  a  huge 
thermopile  for  exciting  electric  currents. 
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These  are  continually  varying  in  strength  and  direction, 
for,  being  (presumably)  dependent  on  the  Sun,  as  this  is  ver- 
tical over  different  parts  of  the  Earth  at  successive  hours  of 
the  day  and  throng^hout  the  several  months  of  the  year,  the 
heating  of  the  globe  is  a  progressive  action;  hence  the  elec^ 
trie  currents  due  to  it  manifest  their  fluctuations  in  the  daily, 
monthly,  and  yearly  maxima  and  minima  of  magnetic  phe- 
nomena: nothing  is  better  established  by  observation  than 
the  coincident  movement  of  the  magnetic  needle  and  the 
Sun. 

Heat  weakens  the  magnetic  condition,  and  accordingly 
this  has  its  least  intensity  in  the  heated  zone,  while  the  foci 
of  magnetic  strength  and  regions  of  severest  cold  are  close 

together. 

As  coal,  gold  or  copper  is  found  only  in  certain  places, 
so  ma,e:netic  ore  is  more  abundant  in  one  'hill  or  ritli^e  than 
in  anotlier:  u:ic  has  but  to  cast  his  eye  on  the  daily  wcciiher 
map  to  see  how  mountain  ranges  i,Hve  twisted  contours  to 
the  lines  of  equal  temi)erature  and  pressure;  similarly,  masses 
of  mai^netic  ore  outline  in  warped  and  tortuous  curves  their 
characteristic  features,  as  ]X)rtrayed  on  any  chart. 

hVoni  all  these  sources — chemical  and  thermal  efTects 
upon  the  nietals  of  the  Earth  as  well  as  local  magnetic  depos- 
its, coupled  with  the  reflex  action  of  aerial  electricity — we 
have  what  seems  a  plausible  explanation  in  f>art,  at  least,  of 
the  electromagnetic  condition,  of  the  globe  and  its  irregular- 
ity— its  ill-shapen  form  of  a  magnet. 

That  terrestrial  electric  currents  do  exist  is  not  a  mere 
inference:  they  were  first  observed  during  great  auroral  dis- 
plays by  reason  of  their  interference  with  teleg^phy,  when, 
occasionally  they  surpassed  the  strength  of  the  regular  work- 
ing current;  but  now  they  are  observed  at  all  times  in  all 
places,  welt  defined  though  usually  weak,  and  wholly  due  to 
the  Earth  and  not  to  any  adventitious  circumstance. 

So  much  for  what  goes  on  beneath  the  surface — ^now  in 
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the  air  above  we  find  conditions  that  contribute  to  the  same 
general  result. 

In  Art.  85,  it  was  shown  how  streams  of  vapor  rising 
from  tropical  seas  proceed  toward  each  Pole  and  may  excite 
•currents  of  electricity  in  those  directions;  it  is  the  parallel  of 
the  thermo-electric  currents  running  in  the  same  way 
through  the  Earth:  both  are  due  to  the  Sun  heating  the  mid- 
dle zone  of  the  Earth;  and  their  variable  strength — ^mani- 
fested by  the  annual  change  in  the  magnetic  elements — ^is  due 
to  the  apparent  motion  of  the  Sun  toward  either  Pole  during 
the  year.  The  apparent  motion  from  east  to  west  gives  rise 
to  currents  in  this  direction,  too;  for  as  the  Sun  heats  the 
segment  of  the  Earth  immediately  beneath  it,  that  to  the 
westward  is  cooler,  and  on  the  thermo-electric  principle,  the 
currents  flow  from  the  warin  to  the  cool  joints  of  the  metals: 
their  v.'in.ilnc  sireiii^th — inanifcsted  by  the  diurnal  change  in 
the  magnetic  elements — is  due  to  the  alternate  warmth  and 
chill  that  recur  with  day  and  nisfbt. 

Thus  there  are  conditions  that  may  gfive  rise  to  currents 
from  east  to  west  in  Earth  and  Air;  there  are  also  condi- 
tions that  may  give  rise  to  them  from  Equator  to  Pole — also 
in  I-^arth  and  Air;  these  sheets  of  electric  flow  would  make 
of  the  Earth  a  huge  solenoid  with  a  pole  in  each  hemispliere, 
wisymmetrically  located,  as  actually  exists,  because  such 
poles  result  from  the  combination  of  the  meridional  currents 
with  those  flowing  along  parallels  of  latitude,  and  both  sys- 
tems can  hardly  be  imagined  exactly  equal;  there  are  mag- 
netic ores  variously  heaped  in  different  parts  of  the  Earth; 
and  there  are  cyclones  that  whirl  immense  volumes  of  mag- 
netic oxygen  from  region  to  region  of  the  atmosphere:  the 
Sun  comes  along — one  day  is  hot,  another  cool — ^and  all 
these  sources  of  the  electromagnetic  condition  vary;  they 
mutually  react  upon  one  another  as  would  so  many  magnets 
dangling  from  strings,  and  it  is  the  resultant  of  the  whole 
that  we  observe  in  the  movements  of  our  little  needles  piv> 
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oled  all  over  the  thin  crust  of  earth  dividing  the  currents  and 
cuniniulioiis  above  from  those  beneath. 

These  tlierino-elcLLi  ic  and  chemico-elcctric  currents  at- 
tributed to  nietalHc  deposits  in  the  Earth  as  well  as  the  cur- 
rents ascribed  to  aciiieous  vapor  rubbing  against  the  air,  are 
inlercnces  drawn  from  the  concUtions  of  matter  existent  in 
l)oth  Eartli  and  Air,  and  not  at  all  demonstrated  facts:  in- 
deed the  sources  of  aerial  electrification  and  terrestrial  nniag- 
netism  are  enveloped  in  a  dense  haze  through  which  every 
form  that  peers  is  seized  upon  and  investigated  to  wrench 
from  it  anything  like  a  rational  theory.  Such  is  the  fore- 
going, and  such  also  is  a  theory — ^the  latest — ^that  will  be 
presently  stated. 

There  is  no  reason  why  we  should  consider  the  range  of 
waves  coming  from  the  Sun  limited  to  those  observed:  in- 
deed  experience  warrants  quite  the  contrary.  At  first,  light 
was  considered  simple — a  pure  white  emanation;  the  prism 
revealed  its  compound  nature,  and  the  undulatory  theory  as^ 
signed  to  the  varied  refrangibility  specific  wave-lengths,  so 
that  wave-length  and  color  became  synonymous  terms;  but 
the  range  was  restricted  to  those  producing  visible  effects. 
Then  the  long  dark  waves  below  the  red  were  discovered, 
which  are  peculiarly  strong  in  thermal  effects;  and  next  pho- 
loj[,^rapliy  disclosed  the  short  and  equally  obscure  waves 
al)ovc  the  \iolet,  which  are  specitically  chemical  in  their 
action.  Now  the  cathode  and  X  rays  are  becoming  promi- 
nent— extremclv  short  waves  which  in  .themselves  for  by 
transformation^  seem  especially  productive  of  electromag- 
netic effects. 

From  tliesc  thrnntj;-h  the  ultra-violet,  the  luminous,  and 
the  thermal,  the  wave-leni;th  is  a  steadily  increasing-  quan- 
tity; and  who  shall  say  that  beyond  each  extreme  there  are 
fiot  other  octaves  of  waves  without  limit — longer  and  shorter 
^4nd  producing  other  effects  than  those  with  which  we  are 
at  present  familiar? 


Digitized  by  Google 


THE  MAGNETISM  OF  THE  EARTH 


1/9 


If  we  should  contend  for  a  transformation  of  what  we 
call  light  waves  into  electrical  and  magnetic  waves,  we  should 
he  in  line  with  the  present  tendency  of  scientific  thought, 
which  more  than  suspects  that  light  and  heat  and  electro- 
magnetic  waves  do  not  differ  in  any  respect  except  in  regard 
to  length." 

This  is  the  statement  of  Prof.  John  Trowbridge  of  Har- 
vard University,  who  has  offered  the  latest  explanation  of  the 
mag^netism  of  the  Earth,  an  outline  of  which  will  now  be 

given  ill  extracts  from  his  writini^s: 

"  TIic  X  rays  are  now  l)elic\  cd  by  the  best  authorities  to 
be  magnetic  and  electrical  pulses  or  \\a\  es  of  extremely  short 
length.  In  the  spectrum  of  sunlii^ht  formed  by  sending  a 
beam  throuirh  a  prism  of  quartz,  the  X-ray  pulses  or  waves 
are  to  be  found,  according  to  this  hypothesis,  beyond  the 


violet  color  of  this  spectrum — ^far  into  the  dark  region  invisi- 
ble to  the  eye,  and  only  brought  into  view  at  present  by  the 
aid  of  photography.  In  this  invisible  region  reside  many 
singular  manifestations  of  energy  closely  analogous  to  those 
of  the  X  rays.  .  .  .  For  the  artificial  production  of  X  rays, 
a  bulb  of  thin  glass,  Fig.  151,  exhausted  of  air,  is  used:  C  is 
a  concave  aluminum  mirror  and  A  a  plane  inclined  sheet  of 
platinum;  R  is  a  small  chamber  containing  a  certain  chemical 


Fig.  i5t. 
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\\  hich,  being  heated,  gives  off  a  small  amount  of  vapor,  that 
is  taken  up  again  on  cooling — ^this  controls  the  degree  of 
vacuum.  The  conduits  from  the  source  of  electricity  are  at- 
tached to  the  electrodes  P  and  N — ^platinum  wires  soldered 
into  the  bulb.  The  source  of  electricity  may  be  of  various 
kinds,  the  principal  being  an  induction-coil  in  connection 
with  voltaic-cells,  or  a  number  of  Leyden  jars  charged  by  a 
storage-battery,  the  (/t>charge  being  one  after  another,  so  as 
to  obtain  a  'high  electromotive  force.  .  .  .  This  method  is 
a  very  Hexible  one — ^being  capable  of  experimenting  over  a 
range  of  electrical  pressure  from  twenty  thousand  volts  to 
three  million;  the  spark  from  the  latter  is  over  six  feet  in 
leng^th. 

*'  111  ilu'  l)iill).  the  discharge  passes  between  the  mirror  C 
aiul  j)Iane  and  the  X  rays  are  thrown  off  from  the  latter: 
they  are  not  rellected  in  the  ordinary  sense  ot  the  term.  Init 
the  electric  rays  converge  from  the  mirror  C  to  a  spot  on  the 
plane  A  w  hicli  l;;1ows  with  a  red  heat,  and  the  X  rays  emanate 
from  the  lieated  spot  as  if  it  were  their  source.  .  .  . 

"  At  one  lime  I  sui)i)osed  that  the  rays  were  highly  ab- 
sorbed in  passini,^  tlirouj^li  atmospheric  air,  and  that  it  would 
be  an  improvement  to  interpose  a  vacuum-chamber  between 
the  body  and  the  source  of  the  X  rays.  .  .  .  The  vacuum- 
-£haml)er  consisted  of  a  glass  cylinder  three  feet  long  and 
^bout  eight  inches  in  diameter,  closed  at  tlie  ends  by  sheets 
•of  aluniimim.  which  gives  free  passage  to  the  rays.  .  .  .  This 
cylinder  having  been  exhausted,  was  placed  between  the 
X-ray  bulb  and  the  arm:  it  was  speedily  seen  that  the  absorp- 
tion of  the  layer  of  air  three  feet  thick  [when  the  exhausted 
•cylinder  was  mi  interposed]  could  not  be  detected  either  by 
photographs  or  the  fluorescent  screen.  The  glass  cylinder 
was  then  filled  with  rarefied  hydrogen,  but  no  advantage  was 
apparent. 

"  If  the  photographs  of  the  human  hand  were  taken,  one 
through  the  rarefied  cylinder  and  the  other  through  an 
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equivalent  thickness  of  air,  no  difference  in  clearness  of  defini- 
tion could  be  perceived.  Tlie  aiTJoiint  of  absorption  by  a  col- 
umn of  air  three  feet  in  length  is  less  than  ten  per  cent.  This- 
result  shows  the  remarkable  difference  between  the  X  rays 
and  the  cathode  rays;  for  the  latter  are  greatly  absorbed  by 
the  atmosphere,  being  reduced  in  passing  through  six  inches- 
of  air  to  one  four-hundredth  part  of  their  value.  The  small 
amount  of  absorption  of  the  X  rays  lifts  them  into  the  realm 
of  very  short  wave-lengths  of  light,  for  their  behavior  in  re- 
gard to  the  absorption  by  air  is  very  analogous  to  that  of 
ultra-violet  rays. 

"  Although  the  vacuum-chamber  through  which  I  looked 
showed  no  absorption  of  X  rays,  still  it  disclosed  a  beautiful 
phenomenon.  If  the  rtni^'^er  were  brought  near  the  glass  walls 
of  the  cyhiider.  a  stream  of  hj^ht  appareiuly  emanated  from 
a  point  on  the  insitlc  wall  of  the  cylinder.  The  hand  thus  had 
ghostly  streamers  givmg  an  image  of  ii,  aiihough  the  hand 
itsell  was  invi.»?il>le. 

**  These  banners  of  light  could  be  diverted  in  any  direc- 
tion by  tile  hand  or  by  any  condnctinj;"  l)ody  brou^q'ht  near, 
and  f^avt'  a  vivid  conception  of  how  the  streaming  of  the 
aurora  can  be  brought  about  by  the  tlitting  of  conductmg 
clouds  or  the  drifting  of  moisture-leaden  strata  of  air  below 
the  rarefied  space  in  which  the  beams  of  the  Northern  Light 
dart  back  and  forth.  Both  in  the  case  of  the  vacuum-tube 
and  the  aurora  these  streamers  are  produced  by  electrical 
discharges  through  rarefied  air.  The  experiments  show  that 
outside  the  vacuum  or  Crooke's  tube  there  is  a  strong  elec- 
trical attraction  and  repulsion,  which  is  only  revealed  in  dark- 
ness and  in  a  cold,  lifeless,  airless  space,  such  as  exists  be- 
tween us  and  the  Sun.  Can  we  not  extend  our  thoughts 
from  the  contemplation  of  the  laboratory  experiment  to  that 
of  the  immensely  greater  play  of  electrical  forces  between  the 
Earth  and  the  Sun  across  the  immense  vacant  space  ninety 
millions  of  miles  in  distance?  ... 
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"  When  the  Crooke's  tube  is  excited,  we  are  conscious  of 
a  mysterious  activity  within  it,  for  its  glass  walls  glow  with  a 
phosphorescent  Hght,  and  if  crystals,  like  the  diamond  or 
ruby,  are  placed  in  the  tube,  this  phosphoitcscent  light  is  vivid. 
Outside  the  tube,  in  free  air,  these  luminescent  eflfects  are  also 
present.  The  air  is  under  an  electrical  strain,  which  is  shown 
by  the  auroral  streamers  when  this  air  is  rarefied,  and  an  elec* 
trical  charge  can  not  be  maintained  on  a  pith-ball — ^it  is  dis- 
sipated  in  some  strange  manner.  Still  stranger,  an  electrical 
current  is  greatly  aided  by  the  X  rays  in  its  endeavor  to  pass 
through  air — ^thcy  make  the  air  temporarily  a  conductor. 

"  Furthermore,  these  rays  separate  the  air  into  positively- 
laden  and  negatively-laden  particles. 

"The  t'lectrical  discharge  in  the  Crooke's  tube  i.s  many 
sided  in  its  nianifestaiions.  Its  energy  seeuis  all-pervading 
in  tlio  room  where  it  occurs.  Heforc  tlie  discharge  passes 
through  the  rarefied  sjiace  in  the  tube,  its  energy  manifests 
itself  by  a  crackHng  sj)ark — a  miniature  lightning  discharge. 

"This  spark,  five  or  six  inches  in  length,  can  send  nut 
maq^netic  waves  which  extend  far  beyond  the  narrow  limits 
of  the  room.  They  can  be  detected  by  the  luethods  of  wire- 
less telegraphy  fifty  miles.  When  the  same  amount  of  energy 
is  developed  in  a  Crooke's  tube,  the  magnetic  waves  hardly 
pass  beyond  the  walls  of  the  room,  and  the  phenomenon  of 
phosphorescence  and  fluorescence  and  the  strange  molecular 
effects  outside  the  Crooke's  tube  spring  into  promitience. 
The  crackling  spark  outside  the  tube  is  far-reaching  in  its 
eflfects,  yet  it  shows  no  signs  of  the  X  rays,  its  light  can  not 
penetrate  the  human  body,  it  excites  only  a  feeble  phos- 
phorescence at  a  distance  of  even  two  or  three  feet,  while  the 
same  energy  excited  in  the  Crooke*s  tube  can  cause  lumin- 
'escence  at  a  distance  of  twenty  feet.  .  .  . 

"When  we  consider  these  experiments  [made  by  Prof. 
Trowbridge  and  which  It  were  needless  to  recount] ,  we  see 
that  the  X  rays  act  toward  phosphorescent  matter  much  as 
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the  spark  m  air  behaves  toward  the  photographic  plate.  Now 
these  results,  taken  in  connection  with  the  strong  electrical 
effects  in  the  neighborhood  of  an  excited  Crooke's  tube,  point 
to  a  certain  connection  between  phosphorescence  and  elec-  • 
tricity.  Can  it  be  that  the  strange  light  is  excited  by  very 
short  electrical  waves  sent  out  from  the  tube,  which  can  not 
travel  far,  but  are  very  active  in  producing  molecular  effects? 
This  activity,  indeed,  may  prevent  their  extending  to  great 
distances. 

**  Wireless  telegrni)hy  evidently  depends  upon  one  set  of 
waves  sent  out  by  a  spark,  and  X-ray  photographs  upon  an- 
other set  developed  only  in  rarefied  air.  Phosphorescence 
can  not  be  produced  with  ease  by  the  spark  in  air.  On  the 
contrary,  it  is  developed  to  a  reir.ai  kahlc  dcL^aee  and  at  com- 
paratively great  distances  by  tlic  discharge  in  rarefied  air.  It 
has  been  shown  that  electrical  furce  can  develop  phosphores- 
cent, light  in  crystals:  the  sunlight  can  do  the  same:  i>  .sun- 
light an  electrical  phenomenon?  That  it  is,  constitutes  the 
greatest  li\  j)otliesis  in  jjhysics  of  tliis  century.  .  .  . 

"  Besides  the  photographic,  the  pliosj)horr-ceTU.  and  the 
fluorescent  effects,  tiiere  are  still  more  singular  properties 
of  the  X  rays.  One  of  the  most  striking  is  that  thev  open  a 
path  for  a  current  of  electricity.  The  electrical  discharge, 
feeble  in  itself,  not  capable  of  lifting  by  means  of  a  motor  a 
pound  weight  a  foot  from  the  floor,  is  yet  competent  to  open 
a  path  for  a  current  which  can  set  all  the  tro^ey-cars  of  a 
great  city  in  motion.  To  exhibit  this  mysterious  effect  we 
bring  tlie  ends  of  the  electrical  current  which  we  wish  to  ' 
excite  near  each  other,  but  not  touching,  in  a  glass  tube  with 
thin  walls,  from  which  the  air  has  been  exhausted. 

"  When  the  X  rays  fall  on  the  gap  between  the  wires,  the 
electrical  current  immediately  jumps  across  the  gap  with  a 
vivid  lig<ht.  We  have  here  the  mechanism  of  an  electrical 
relay — ^the  feeble  energy  of  the  electrical  discharge  [that] 
can  call  into  play  a  giant  energy.   By  what  energy  docs  it 
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accomplish  this?  Is  it  by  compelling  molecules  to  pnt  them- 
selves ill  line,  so  that  the  electrical  current  can  brid^^e  the 
gap?  .  .  .  Another  far-reachinix  manifestation  is  this:  the 
rays  can  scjiaratc  the  air  or  a  t^as  into  its  constituent  particles 
much  as  a  strong  electrical  current  separates  water  into  oxy- 
gen and  hydrogen. 

"  Tliey  can  comfliunicate  electrical  charges  to  these  par- 
ticles— positive  and  negative  cliarges.  The  charged  air- 
particles,  when  forced  through  partitions  of  spun  glass,  do 
not  give  up  their  electricity  as  they  tlo  when  they  are  charged 
by  an  electrical  machine.  This  curious  manifestation  leads 
me  to  suspect  that  the  electricity  and  magnetism  of  the  Earth 
may  be  caused  by  an  X-ray  effect  on  our  atmosphere. 

^'  The  Sun  and  the  Earth  are  separated  like  the  terminals- 
of  a  Crooke's  tube — two  conductors  with  a  vacuum  between^ 

"  An  electrical  excitation  from  the  Sun  may  cause  an 
electrical  discharge  between  it  and  the  Earth:  this  discharge 
might  consist  of  an  X-ray  effect  which  could  separate  the 
upper  layers  of  the  atmosphere  into  positive  and  negative 
charges.  The  velocity  of  the  negatively  charged  particles  is 
greater  than  that  of  the  positively  charged  ones,  and  the 
revolution  of  the  Earth  may  cansc  sucli  a  movement  of  these 
etectriticd  particles  that  electrical  currents  may  he  L^enerated 
which  in  circulation  round  the  Earth  could  produce  the  ob- 
served magnetism  together  with  the  auroral  lights.  This,  I 
am  well  aware,  is  an  audacious  theory — certainly  a  vast  ex- 
tension of  the  laboratory  ex])iMiniems  described:  but  the 
electrical  radiations  <le\  eloj^ed  in  c-iectrical  discharges  are  as 
competent  to  prodtice  jx)werful  magnetic  wliirls  as  the  heat 
radiations  in  our  atmosphere  to  develop  cyclones.  In  the 
lower  regions  of  our  atmosphere  the  air  is  an  insulator,  like 
glass  to  the  passage  of  an  electrical  current:  a  layer  a  foot 
thick  can  prevent  the  circulation  of  the  most  powerful  cur- 
rent now  used  to  generate  horse-power.  When  this  air-space 
is  rarefied  to  a  certain  degree,  the  current  passes,  especially 
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if  the  space  is  illuminated  by  X  rays.  When,  therefore,  we 
ascend  to  a  height  of  ten  or  twenty  miles,  the  rarefied  air 
becomes  an  excellent  conductor  of  high  electromotive  force.  • 

"  To  my  mind  the  conditions  exist  for  developing  an  elec- 
trical state  in  the  Earth's  covering  of  air,  which  is  competent 
to  explain  the  electrical  manifestations  of  the  air^  the  auroral 
gleam,  and  the  effect  on  the  compass  which  directs  it  to  the 
magnetic  north.  .  .  * 

The  Sun»  although  it  probably  does  not  electrify  our  at- 
mosphere as  one  charged  pith-ball  electrifies  another,  or  pro- 
duce the  magnetism  of  the  Earth  as  one  magnet  induces 
magnetism  in  a  piece  of  iron  or  steel,  is  undoubtedly  con- 
cerned in  both  the  electrical  state  of  our  atmosphere  and  the 
magnetism  of  the  Earth.  .  .  . 

^  It  has  lately  been  discovered  that  X  rays  have  the  prop- 
erty of  communicating  an  electric  charge  to  conductors.  If, 
therefore,  X  rays  reach  the  Earth  from  the  Sun,  they  are 
competent  to  give  an  electric  charge  to  our  atmosi)here.  The 
side,  therefore,  of  the  I'-arth  turned  toward  the  Sun  would 
receive  a  charge  in  the  upper  gocHl-conductint;  regions  of  the 
air.  This  eharge  would  tend  to  dissipation;  and  there  would 
be  a  riovv  of  electricity  tt)ward  the  side  of  the  Earth  not 
turned  to  the  Sun.  The  rotation  of  the  Earth  on  its  axis  from 
west  to  east  would  l>rin^:^  forward  at  each  revolution  fresh 
rej^ions  of  the  upper  air  to  receive  the  electrical  clurging 
from  the  Sun. 

"  'J'liere  would  be  an  accumulation  of  electricity  on  one 
side  of  the  Earth  and  a  diminution  on  the  other.  The  condi- 
tions of  equalization,  or  flow  of  electricity,  might  1  (•  dcter- 
*  mined  by  the  rotation  of  the  Earth.  If  this  flow  took  place 
from  east  to  west,  and  were  sufficiently  powerful,  it  would 
produce  the  magnetic  poles. 

"  It  has  been  found  that  air  submitted  to  the  action  of  the 
X  rays  continues  for  some  time  to  manifest  their  influence. 
We  should,  therefore,  expect  a  fall  of  electric  pressure  be^ 
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tween  the  regions  just  entering  into  daylight  and  those  in  the 
full  glare  of  the  Sun. 

"  This  condition  would  direct  the  resulting  electric  cur- 
rent from  east  to  west.  By  means  of  this  theory  we  have 
substituted  for  a  tremendous  action  at  a  distance,  namely,  an 
electrified  pith«ball  effect,  or  an  action  of  a  great  magnet,  an 
action  from  point  to  point  by  means  of  waves  from  the  Sun. 
.  .  .  The  North  Pole  of  the  Earth  is  just  within  the  Arctic 
Circle,  the  South  Pole  is  south  of  Tierra  del  Fuego:  there- 
fore, they  are  a  great  distance  apart.  If  the  Earth  were  com- 
posed of  steel,  and  were  magnetized  permanently  in  the  be- 
ginning, it  would  be  impossible  that  two  poles  should  occur 
eight  thousand  miles  apart.  There  would  be  other  poles,  or 
what  are  called  consequent  poles,  between  the  north  pole  of 
the  Earth  and  the  south  pole.  Tlie  two  poles  of  the  Earth 
must  !>e  clue  to  what  is  termed  a  solenoidal  action,  that  is.  an 
action  similar  to  that  which  a  current  of  electricity  exerts  in 
circuiatini,^  through  a  coW  of  wire.  A  north  pole  can  be  re- 
movect  from  a  soutli  jiolc  hy  this  arrangement  as  far  as 
desired;  while  the  longest  permanent  magnet  that  can  he 
made  is  barely  three  feet  in  length.  Tlie  <listnnce.  therefore, 
between  the  magnetic  poles  of  the  Kartii  is  a  ^^t^ong  argu- 
ment in  favor  of  the  theory  that  they  are  produced  by  elec- 
trical currents  circulating  about  the  Earth.  .  .  . 

"  The  theory  promulgated  above  supposes  that  such  cur- 
rents result  from  the  conversion  of  the  shortest  waves  of  light 
into  electricity,  and  tliat  the  flow  is  brought  about  by  the  rota- 
tion of  the  Earth.  This  theory  demands  a  high  state  of  elec- 
trification-of  the  upper  regions  of  the  air,  and  great  conducti- 
bility  in  these  regions:  thunder-storms  are  evidence  of  the 
former;  and  the  increased  conductibility  of  rarefied  air,  up  to 
a  certain  limit,  can  be  abundantly  shown. 

"  One  of  the  most  striking  methods  I  have  employed  to 
show  this,  consists  in  connecting  a  battery  of  ten  thousand 
storage-cells  to  two  terminals  which  are  separated  by  a  space 
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of  six  inches  of  air.  When  the  air  is  exhausted  from  the  space 
between  these  terminals  to  the  degree  of  rarefaction  which 
exists  about  six  miles  above  the  surface  of  the  Earth,  the  cur- 
rent  from  the  battery  leaps  across  the  space  with  the  greatest 
ease.  Indeed  it  is  conducted  by  the  rarefied  medium  almost 
as  well  as  if  this  medium  were  a  metal  like  copper." 

When,  more  than  twenty  years  ago.  Prof.  Crookes  gave 
])rominence  to  electrical  discharges  in  vacuum-tubes,  he  con- 
sidered the  luminous  effects  due  to  particles  of  g^as  which 
hecamc  electrified  by  cunlacl  with  the  nc^aiive  jjoie  (or 
(cathode),  and  were  then  shot  off  in  straight  liiie>- — the 
cathode  rays.  W'licu  these.  Fig.  151.  iin])int:fe  on  the  plat- 
inum plate  A  (the  anode  nr  anti-cathotle),  a  new  kinil  i>t  radi- 
ation seems  to  start  from  the  point  of  impact — the  Runtgen 
or  X  rays. 

That  the  cathode  rays  are  really  due  to  streams  of  lumin- 
ous clectrilied  ])articles — wliether  individual  atoms,  single 
molecules,  or  aggregations  of  matter — is  proven  by  placing 
a  small  aluminum  wheel  in  their  path;  it  will  be  driven  from 
the  cathode;  on  the  other  hand,  when  this  wheel  is  drawn 
from  the  middle  line  of  the  tube  toward  either  side,  it  will  be 
moved  from  the  anode,  showing  that  there  is  a  stream  of  pos- 
itively charged  particles  from  that  pole:  it  is  a  complete  cir- 
cuit— alter  ct  rctoiir — with  the  negatively  charged  motes  hav- 
ing much  the  higher  velocity;  they  will  bore  minute  hole&  in 
a  block  of  quicklime  in  their  course  and  raise  it  to  beautiful, 
brilliant  luminosity. 

What  are  the  Rontgen  rays  that  arise  from  these  cathode 
beams?  The  most  generally  accepted  theory  is  that  they  are 
extremely  short  ether-waves,  in  all  respects  like  those  of 
light,  only  so  much  shorter  than  even  the  most  ultra-violet 
waves,  that  they  readily  pass  through  the  interstices  of  the 
ultimate  particles  of  matter,  and  therefore  can  not  be  refracted 
or  easily  absorbed  by  any  substance.  Another  explanation 
[from  Prof.  Swinton  in  Nature]  is:  Each  cathode-ray  atom 
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carries  a  negative  charge,  while  the  aiui-cathode  is  positively 
charged,  so  that  when  the  two  come  into  contact  an  electrical 
discharge  will  take  place:  an  electrical  oscillation  will  thus; 
take  place  in  the  atom  just  as  in  the  brass  balls  of  a  Hertz 
oscillator,  and  transverse  electromagnetic  waves  will  be  prop- 
agated through  the  ether  in  all  available  directions. 

But  they  are  otherwise  variously  accounted  for,  although 
the  explanations  given  above  seem  the  most  reasonable:  in 
fact,  the  unknown  quantity  has  not  yet  been  removed  from 
the  problem — ^they  are  still  the  X  rays. 

87.  Local  masses  of  magnetic  ore  and  todcs. — ^The 
smallest  experience  with  magnetic  instruments  over  even  a 
very  restricted  area  will  disclose  the  existence  of  ores  in 
ledges,  beds,  and  strata  that  produce  abnormal  deflections; 
this  aside  from  the  well-known  effect  of  volcanic  matter:  a. 
general  examination  of  all  such  is  not  intended  in  this  article 
—only  the  citation  of  a  few  typical  cases,  to  give  point  to  the 
statement  that  it  is  most  probably  immense  masses  or  moun- 
tains of  magnetic  ore.  irregularly  distributed,  that  make 
the  Earth  an  f/«symmctrical  magnet. 

Near  Zell  in  ( lermany  there  is  a  ridge  whose  wiiolc  east- 
ern slope  presents  magnetic  polarity  of  one  kind,  and  western- 
slope  polarity  of  the  other:  it  is  comi)osed  of  layers  through 
which  particles  of  iron  are  strewn  that  may  he  picked  out  by 
a  magnet  on  pulverizing  the  ore:  the  ridge  acts  upon  a  com- 
pass thirty  feet  away. 

In  Enderby  Island,  Ross,  during  his  Antarctic  voyage, 
found  two  stations  not  a  hundred  feet  apart  where  the  dip 
differed  11'';  the  rocks  had  a  pecttliar  ferruginous  appear? 
ance,  and  on  approaching  pieces  .to  a  <lelicate  compass,  they 
turned  it  round  and  round  as  swiftly  as  the  hand  could  move; 
they  were  powerfully  magnetic,  the  poles  depending  on  their 
direction  with  reference  to  the  magnetic  meridian. 

Recently,  near  Pulkowa,  Russia,  the  extreme  values  of 
the  three  magnetic  elements  at  fifteen  stations  scattered  over 
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an  area  of  one  square  kilometre  were:  Variation,  from  +  58* 
to  —  43°,  or  a  total  of  loT;  Dip,  from  79'  to  48\  or  a  total 
change  of  31°;  and  horizontal  intensity  from  0.166  to  0.589 
C.G.S.  units,  or  a  change  of  0.423  C.G.S.  units. 

In  1885,  a  British  surveying  vessel  experienced  a  steady 
deflection  of  30"  off  the  N. W.  coast  of  Australia,  although  the 
line  of  "  no*Variation  "  passes  in  the  vicinity,  and  the  extreme 
of  5*"  £.  var.  to  5'  W.  van  covers  that  section  of  coast.  In  1890, 
in  the  same  locality,  another  vessel  found  a  deflection  of  22^. 
The  ship  was  immediatly  anchored,  and  some  hours  of  the 
following  (lay  spent  in  investigating  the  matter:  on  Bezut 
Id.  itself,  the  absolute  values  of  the  Variation  and  Dip  were 
normal,  the  dip  being  50°  S. ;  but  at  a  position  N.  79"  E., 
distant  2.14  miles  from  Bezut  Island,  the  Dip  was  observed 
oil  hoaiil  10  be  83°  S.  with  a  very  siiial'  det1ccti*>ti  of  the  com- 
pass. At  900  feet  west  of  this  the  Dip  was  normal,  and  it 
decreased  ra[)idly  as  the  center  was  quitted  in  anv  direciion. 
At  about  one  hundred  feet  south  of  the  center  of  disuu  Uance 
the  conn)asb  was  deflected  55°.  This  was  the  maximum,  but 
tlic  coini)ass  was  disturbed  over  an  area  of  a  sciuare  mile. 
The  general  depth  of  water  in  this  area  was  nine  fathoms, 
bottom,  quartz  sand.  The  observation  of  the  magnetic  ele- 
ments at  Cossack  and  the  neighborhood  showed  little  or  no 
disturbance  from  local  magnetic  causes. 

It  is  therefore  evident  tliat  the  disturbances  were  due  to 
magnetic  minerals  at  the  bottom  of  the  sea. 

Capt.  Rogers  of  the  Steamship  Coronilla  states  that  in 
1896,  while  on  the  east  coast  of  Sweden,  on  approaching 
Hafringe  Lighthouse,  bearing  N.N.W.,  distant  six  miles, 
the  standard  compass  suddenly  started  swinging  over  an  arc 
of  sixteen  points.  On  mentioning  this  to  the  Pilot,  he  told 
him  of  a  19-fathom  patch  on  that  bearing  and  distance  which 
had  been  found  to  affect  compasses  in  that  way;  and  that 
both  the  bank  and  its  effects  are  noted  on  Swedish  charts. 
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The  sea  was  smooth  at  the  time  of  observing  the  compass 
start  swinging. 

As  a  fitting  dose  to  this  Section,  I  will  (juote  the  follow- 
ing from  a  lecture  by  Prof.  A.  W.  Rucker,  F.R.S.,  delivered 
in  1897  in  the  Senate  House,  Cambridge,  England. 

**  The  Declination  [Variation]  is  greater  in  Ireland  than 
in  England;  but  the  increase  is  not  uniform  as  we  pass 
from  one  country  to  the  other:  in  fact  in  some  districts 
an  abnormally  large  increase  is  followed  by  a  decrease. 
These  curious  inequalities  must  be  due  to  local  disturb* 
ing  forces,  and  the  large  number  of  observations  which  have 
been  made  in  this  country  have  enabled  us  to  determine 
with  more  than  usual  accuracy  the  magnitude  and  direction 
which  the  magnetic  forces  would  assume  if  they  were  undis- 
turbed by  any  local  cause;  and  from  the  difference  between 
things  as  they  then  would  be,  and  things  as  they  actually  are, 
we  can  calculate  the  nia^niludc  and  direction  of  the  disturb- 
ing forces  themselves.  When  these  are  rei)resenle(l  on  a 
map,  it  is  found  that  there  are  large  districts  in  wliich  the 
horizontal  distin-hine  forces  act  in  the  same  direction;  in  one 
region  the  nortii  poie  of  ihc  needle  will  be  detlected  to  the 
east,  in  another  to  the  west,  and  as  we  pass  from  one  of  iliese 
districts  to  the  other,  we  always  find  that  at  the  boundary, 
the  downward  vertical  force  on  tlie  north  pole  of  the  needle 
reaches  a  maximum  value.  We  are  thus  able  to  draw  upon 
the  map  lines  toward  which  the  north  pole  of  the  needle  is 
attracted.  It  is  found  that  the  lines  can  be  traced  without 
any  possible  doubt  through  distances  amounting,  in  some 
instances,  to  a  couple  of  hundred  miles.  The  key  to  tliis  curi- 
ous fact  is  furnished  by  observations  in  the  neighl^orhood  ot 
great  masses  of  basalt  or  other  magnetic  rocks.  If  these  were 
magnetized  by  the  induction  of  the  Earth's  magnetic  field,, 
the  upper  portion  of  them  would,  in  this  hemisphere,  attract 
the  north  pole  of  the  needle;  and  it  is  found  that  where  large 
masses  of  basalt  exist,  the  north  pole  of  the  needle  is,  as  a 
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matter  of  fact,  attracted  towards  them  from  distances  which 
may  amount  to  fifty  miles. 

The  thickness  of  the  sheets  of  basalt  is  in  most  cases  too 
small  to  furnish  a  complete  explanation  of  the  observed  facts, 
but  it  is  quite  possible  that  these  surface  layers  of  magnetic 
matter  are  merely  indications  of  underground  protuberances 
of  similar  rocks  from  which  the  surface  ^eets  have  been  ex- 
truded. .  .  .  From  the  neighborhood  of  Reading  a  magnetic 
ridge-line  runs  southy/ard,  entering  the  [English]  Channel: 
M.  Moureaux  has  discovered  the  continuation  on  the  French 
coast  near  Dieppe  and  has  traced  it  through  the  north  of 
France  to  some  6fty  miles  south  of  Paris. 

"  The  energy  which  is  now  being  displayed  by  magnetic 
surveyors  in  many  countries  will  no  doubt  before  long  prove 
that  the  network  of  these  magnetic  ndge-lines  is  universal. 

"At  all  events  we  may  hope  that  amid  the  flux  and 
change  of  magnetic  forces,  we  may  have  found  in  these  ridge- 
lines  physical  features  of  the  country  as  permanent  as  the  hills 
themselves.  .  .  . 

Maj^netic  problems  are  still  surrounded  by  doubt  and 
difficuity — with  questions  which  can  only  he  answered  hs  ihe 
combined  work  of  many  men,  it  may  l)e  of  many  generations. 
.  .  .  It  is  true  that  on  some  of  these  matters  we  are  gradually 
acquirim;  defmitc  knowledge:  but  greater  questions  which 
lie  behind  these  are  still  unanswered." 
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CHAPTER  VII. 

THE  MAGNETIC  ELEMENTS  OF  THE  EARTH. 

Section  One :  Terrestrial  Magnetism  Illustrated  and  Defined  by 
Lines  of  Variadon,  Dip,  and  Intensity. 

88.  The  ethereal  atmosphere  and  its  surgings.  ^The 

Earth  has  two  distinct  aliiiospliercs — one  of  air,  the  other  of 
ether:  both  occupy  the  same  space;  they  commingle  but  do 
not  interfere;  they  affect  wholly  distinct  instruments,  and  yet 
each  has  movements  not  unhke  the  other,  and  due  in  part  to 
the  same  cause. 

Constant  agitation,  periodic  and  accidental,  characterizes 
both;  while  time  and  place  give  a  kind  of  local  color  to  every 
fluctuation. 

Over  a  very  wide  belt  of  equatorial  regions  there  is  a  reg- 
ular ebb  and  flow  of  the  air — ty/<y  daily  maxima  and  minima, 
as  indicated  by  the  rise  and  fall  of  the  barometer;  and  so  over 
the  same  region  there  is  a  like  movement  of  the  ether  as 
shown  by  the  deflections  of  a  magnetic  needle  east  and  west 
of  its  mean  position — ^two  daily  maxima  and  minima. 

Beyond  this  belt,  in  both  air  and  ether,  there  are  disturb- 
ances of  an  irregular  nature,  increasing  in  amount  as  we 
approach  either  Pole. 

Cyclones  rend  the  air.  and  in  the  ether  we  have  those  vio- 
lent niatriietic  commotions  that  occur  coincidently  with  some 
flaming  outburst  on  tlie  Sun. 

Hurricane  maxima  arc  couiuicd  to  summer  months,  and 
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the  j^ieatcst  number  of  magnetic  disturbances  to  every  teiith 
year — both  periodic. 

In  addition  to  these  analogies,  there  is  in  the  ether  that 
small  but  well-marked  movement  which  waxes  and  wanes  in 
a  lumr  day  like  the  tides  of  ocean;  the  moderate  perturba- 
tfotts  that  accompany  auroral  displays ;  and  that  grand  move- 
ment whose  cycle  requires  hundreds  of  years  to  complete. 

The  ether  atmosphere  is  in  truth  like  the  air  and  sea, 
made  up  of  billows,  waves,  and  ripples;  and  it  is  their  move- 
ment that  magnetic  instruments  record. 

89.  Tlie  dizectioii  in  space  of  a  freely  suspended  needle. 
— If  a  knitting-needle  be  suspended  by  a  silken  fibre  attached 
to  its  center  of  gravity,  it  will  move  about  freely  and  at  last 
come  to  rest  without  preference  for  any  direction:  its  mass 
is  symmetrically  distributed  around  the  point  of  suspension, 
.  and  therefore  no  force  acts  to  cause  it  to  take  one  position 
rather  than  another. 

But  place  tlie  needle  between  the  poles  of  a  horseshoe 
electromagnet  and  start  the  current  for  a  few  secon<ls:  now 
remove  the  eleetromagiiet  and  lei  the  needle  luui,^  by  its 
fibre:  it  will  not,  as  previously,  be  iiulilYereiit  as  to  direction, 
but  will  take  a  definite  one.  from  which  it  can  be  moved  only 
by  a  sHixhi  effort,  and  to  which  it  will  quickly  return  when 
this  ceases. 

A  new  condition  has  lieen  imparted  to  the  needle  by  the 
electric  shock,  and  it  is  now  a  magnet  wholly  under  the  influ- 
ence of  the  Earth's  magnetism. 

If  this  needle,  suspended  as  before,  be  carried  to  different 
stations  on  the  crlobe,  its  direction  and  the  force  holding  it  in 
that  direction  will  vary  from  place  to  place.  The  magnetism 
of  the  needle  may  be  considered  constant  during  such  a 
journey,  so  that  the  experimental  results  present  a  compara- 
tive view  of  the  Earth's  magnetic  condition. 

go.  Vaiiation,  Dip,  and  Intensity  defined. — ^The  needle 
hangs  freely  in  space,  and  its  direction  is  defined  by  reference 
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to  coordinate  planes.  To  be  explicit,  consider  Fig.  152:  F 
is  a  site  of  observation,  say  San  Francisco;  the  needle  takes 
the  direction  KS  (its  lower  half,  FiV,  need  only  be  consid- 
ered,  for,  with  obvious  modifications,  everything"  stated  re- 
garding it  becomes  equally  applicable  to  the  upper  half,  FSy, 
HFN  is  the  vertical  plane  through  the  needle  and  MFH 
the  horizontal  plane  at  F;  FH,  the  projection  of  FAT  into  the 
horizontal  plane,  is  the  magnetic  meridian,  into  which  the 
needle  would  settle  if  a  suitable  weight  were  placed  on  its 
upper  end  S,  to  balance  the  force  of  terrestrial  magnetism; 
MF  is  the  geographical  meridian,  making  the  angle  MFH 
with  the  magnetic  meridian. 


The  angle  HFN  is  called  the  Dip — ^it  defines  the  direction 
of  the  needle  with  reference  to  the  horizontal  plane,  and  its 

])resent  value  at  San  Francisco  is  62*  20';  the  angle  MFH  is 

called  the  Variation — it  defines  the  direction  of  the  needle 
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■with  reference  to  the  vertical  plane  through  the  geograj)liical 
meridian  of  the  place,  and  at  i)rcscnt  the  projection,  Vli,  of 
the  needle  on  the  horizontal  plane  has  a  variation  of  i6°  42' 
east  of  the  true  meridian  of  San  Francisco:  both  these  angles 
have  received  other  names,  but  Variation  and  Dip  are  fa- 
in ih'ar  to  the  seaman  and  will  alone  be  used  throughout  this 
Treatise. 

The  force  that  holds  the  needle  in  the  direction  SN  is 
called  the  Total  Intensity,  and  this  with  the  Variation  and 
Dip  completely  define  the  magnetic  condition  of  the  Earth 
at  any  point  and  date  lor  which  they  are  observed:  they  con- 
stitute the  Magnetic  Elements.  The  total  intensity  at  pres> 
ent  at  San  Francisco  is  0.54  dyne. 

91.  A  conciete  idea  of  Intensity— merely  an  Ulnstm- 
tion. — ^In  passing,  it  may  be  said  that  magnetic  intensity  can 
be  represented  by  a  weight — ^gravity  balanced  against  mag- 
netism. If  small  weights  be  attached  to  the  needle  at  5  until 
it  turns  from  its  natural  direction  into  one  at  riglit  anj^les 
thereto  (still  in  the  vertical  plane),  the  sum  of  these  \\\\\  be  in 
equilibrium  with  the  total  attractive  force  of  the  Earth,  and 
be  (so  to  speak)  the  weii^ht,  in  parts  of  a  gramme,  of  that 
force;  at  other  stations,  different  weij^hls  will  be  required  to 
produce  the  same  efTect,  viz.,  rotate  the  needle  in  the  vertical 
plane  to  a  position  at  rig"ht  ans^les  to  its  natural  direction,, 
and  thus  we  may  obtain  the  relative  weights  of  magnetic  in- 
tensity for  as  many  stations  as  we  i)lease. 

Simiiarly.  if  only  sufficient  wci^i^ht  be  applied  to  turn  the 
needle  at  each  station  into  the  horizontal  position,  ////',  these 
weights  also  would  vary  from  point  to  point  of  the  Earth,, 
and  they  would  indicate  the  relative  Vertical  Intensity  of 
those  points;  the  weight  at  any  station  might  be  represented 
by  the  line  NH. 

And  if,  at  each  station,  \\hile  the  needle  lay  horizontally 
in  the  magnetic  meridian,  FH^  a  silk  fiber  were  attached  to 
its  end,  at  H,  and  passed  over  a  delicate  little  wheel  at  the 
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silk',  and  weights  were  suspended  from  the  free  end  of  the 
hhcr  until  the  needle  were  drawn  into  a  position  in  the  hori- 
zontal plane  at  right  angles  to  the  magnetic  meridian,  the 
weights  so  attached  would  ditYer  from  station  to  station,  and 
they  would  denote  the  relative  Horizontal  Intensity  at  the 
stations;  the  weight  at  any  station  might  be  represented  by 
the  line  FH, 

Table  i  contains  the  magnetic  elements  for  various  cities, 
widely  distributed,  and  it  will  be  noted  how  much  they  differ 
from  one  to  the  other. 

Table  1. 


MAGNETIC   ELEMENTS  (APPROXIMATELY) 
FOR  THE  YEAR  1900. 


I 

9 

3 

I  . 

5 

6 

intcnutjr  in  CCS. 

noitt. 

>, 

8 

i 

I.ocalltjr. 

Dif»,  D. 

'S 
e 
u 

^ 

«  - 

Goiti 

c 

■a. 

orizont 
poncnt 

•iic 

1" 

S 

9' 

12'  W. 

70' 

06'  N. 

0.61 

0. 21S4 

0.5732 

4 

35  W. 

70 

18  N. 

0.60 

0.2023 

0.5650 

San  Francisco.  Cal .... 

16 

43  E. 

6s 

30  N. 

0.54 

0.3507 

0.4783 

S 

00  E. 

45 

01  N. 

0.48 

0.3393 

«-3395 

Jst.  Petersburg,  Russi.i.. 

0 

30  E. 

70 

46  N. 

0.4S 

O.1581 

0.453a 

30  W. 

64 

SS  N. 

0.47 

O.I992 

0.4357 

16 

16  VV. 

(^7 

09  N. 

0.47 

0. 1841 

0.4369 

10 

00  VV. 

58 

00  N. 

0.45 

0.23^4 

0.3816 

4 

06  W. 

49 

52  N. 

0.45 

0.2901 

0.3440 

0 

36  E. 

20 

38  N. 

0.37 

0.3462 

0. 1304 

00  W. 

3a 

13  S. 

0.31 

0. 2623 

0. 1652 

Cape  Town,  So.  Africa.. 

20 

24  w. 

58 

02  S. 

0.36 

0. 1906 

0.3054 

9 

36  E. 

62 

45  S, 

0.57 

0.3610 

0.5067 

Hobaru»wa,  TMinania.. 

as 

00  E. 

71 

13  S. 

0.64 

0.206s 

0.6059 

Arranged  according  to  values  of  tbe  Total  Intensity  from  North  to 

South. 


It  need  hardly  he  said  that  the  intensity  is  not  determined 
in  the  way  described  above — ^that  was  merely  for  illustration^ 
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to  convey  an  idea  beyond  the  mere  abstract  one  of  the  word 
itself;  and  it  is  seldom  that  the  total  intensity  is  observed 
directly:  it  is  more  convenient  to  observe  the  horizontal  in- 
tensity, and  from  this  and  the  observed  dip,  to  calculate  the 
total  intensity  and  its  vertical  component. 

9a.  How  data  of  the  elements  are  obtained:  magnetic 
charts. — From  ships  of  war  cruising  in  every  sea;  from  mer- 
chant vessels  plying  between  the  ports  of  the  world;  from 
observatories  equipped  with  delicate  instruments  in  various 
countries;  from  expeditions  afloat  and  ashore  specially  fitted 
out  for  the  purpose;  and  from,  numerous  other  private  and 
public  sources  of  many  kinds,  have  been  gathered,  during 
long  years,  a  multitude  of  observations  of  the  magnetic  ele- 
ments: collated,  classified,  anU  stripped  of  all  discernible 
errors,  they  aflford,  when  plotted  on  charts  of  the  globe,  an 
excellent  insight  into  its  magnetic  condition.  This  is  pre- 
sented in  Charts  I  to  V.  cacli  exhibititii^  the  characteristic 
features  of  a  single  element.  I'hcse  feaUircs  arc  portrayed  by 
drawing  lines  through  points  basing  the  satne  \alne  of  the 
element  in  question:  in  Cliarta  I,  IV,  and  \  liie  lines  of  equal 
intensity,  whether  total,  horizontal,  or  vertical,  are  ex- 
pressed in  C.G.S.  units;  these  are  absolute  units,  depend- 
ent only  on  certain  stantlards  of  lengtli,  weight,  and  time, 
and  not  at  all  on  locality.  These  same  lines,  however,  are 
often  represented  on  charts  by  other  figures,  dependent  on 
some  one  i)lace  arbitrarily  chosen  as  unity:  such  is  a  system, 
in  wiiich  the  intensity  at  London  is  assumed  as  nnxty^  and 
that  of  every  other  place  is  relative  to  this;  such,  also,  is  the 
system  of  Humboldt,  whose  site  with  which  to  compare  the 
rest  of  the  world  was  located  in  Peru.  In  Charts  II  and  111 
the  lines  of  equal  Variation  and  Dip  are  expressed  in  degrees. 

93.  Featmea  that  magnetic  charts  exhibit:  meaning  of 
Korth  and  South  Pdles.— Glancing  at  Chart  I,  it  will  be  seen 
that  there  is  a  region  of  maximum  total  intensity  in  the 
northern  hemisphere  and  another  in  the  southern — ^that  in 
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each  region  there  are  two  foci  or  restricted  areas  more  in- 
tense than  the  rest  of  the  region — and  that  these  foci  are 
widely  separated  in  the  north,  but  close  together  in*  the  south, 
which  explains  the  greater  strength  of  the  latter  compared 
with  the  former;  between  these  extremes  the  total  intensity, 
represented  in  gradient  lines,  decreases  as  we  approach  the 
tropical  zone,  where  a  line  encircles  the  globe,  dividing  it 
into  two  chafacteristic  parts,  just  as  the  neutral  section  does 
the  opposite  poles  of  a  magnet:  the  Earth  is  clearly  a  spheri- 
cal magnet,  of  irregular  distribution. 

The  foci  of  greatest  total  intensity  are  near  what  are 
called  the  magnetic  poles,  but  they  are  net  the  same  thing:  the 
foci  of  intensity  are  places  where  the  magnetic  condition  on 
the  Earth's  surface  is  most  concentrated;  the  magnetic 
poles,  where  the  dipping-needle  stands  vertical  (the  horizon- 
tal force  being  nil),  and  from  which  the  lines  of  equal  dip 
(see  Chart  III)  spread  out  like  rii)ples  from  a  center.  The 
lines  oi  equal  furce  that  belong  to  the  foci  of  inlensity,  gird 
the  Earth  in  close  proximity  to  those  of  equal  dip,  but  butli 
series  are  not  coinciilcut.  The  ma:i;^netic  e(juator  is  the 
median  line  oi  no  «h"p,  north  of  w  liich  one  end  of  a  freely  sus- 
pended needle  will  dip  below  the  horizontal  plane,  and  south 
of  which  tlic  otlier  end  will  act  similarly.  The  "  magnetic 
poles  ■'  are  really  pole.s  of  *'  verticity,"  but  as  long  as  the  dis- 
tinction between  them  and  those  of  intensity  is  clearly  under- 
stood, they  may  continue  to  be  called  magnetic  poles.  It  is 
like  the  designation  North  and  South  applied  to  them  as  well 
as  to  the'ends  of  the  needle  that  point  to  them:  we  may  still 
follow  the  custom  that  long  usage  has  indelibly  stamped  on 
the  mind,  and  call  both  the  terrestrial  magnetic  pole  and  the 
end  of  the  compass-needle  that  points  to  it  by*  the  same  name 
— North  or  South — provided  we  keep  in  view  the  fact  that 
the  magnetic  conditions  of  the  pole  and  the  end  of  the  com- 
pass-needle pointing  to  it  are  the  direct  opposite  of  each 
other. 
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It  is  better  to  have  this  tacit  understanding  than  intro- 
duce confusion  by  the  variety  of  names  that  are  designed  to 
describe  the  exact  state  of  affairs. 

The  old  names  kad  to  no  error,  and  with  the  foregoing 
explanation,  the  pole  of  verticity  in  the  northern  hemisphere 
will  (throughout  this  Treatise),  in  conformity  with  time- 
honored  usage*  be  called  the  North  Magnetic  Pole,  and 
the  point  of  the  Compass  that  is  directed  toward  it,  the  North 
point.  Sir  James  Ross  reached  the  north  magnetic  pole  in 
1 83 1,  and  found  the  dip  90**  in  latitude  70**  05'  N.  and  longi* 
tude  96^  45'  W.;  during  his  cruise  in  1839-1843,  he  reached 
a  southern  point  where  the  dip  was  88^  56',  from  which  he 
inferred  the  location  of  the  south  magnetic  pole  to  be  in  lati> 
tude  73°  05'  S.  and  longitude  147°  05'  E. 

In  Chart  II,  representing  lines  of  equal  variation,  it  will 
be  seen  that  a  strip  of  the  globe  is  embraced  by  two  heavy 
lines  running  N.W.  and  S.K..  along  which  the  \  ariation  is 
zero,  or  they  are  lines  of  "  no  Variation  1)ei\vccn  these,  the 
Variation  is  constantly  westerly — outsi(ie  tlieni,  easterly;  ex- 
cept within  an  oval  area  in  the  N.E.  part  of  Asia,  where  it  is 
again  westerly. 

Chart  I\  ,  repre>eniing  lines  of  equal  honzonial  intensity, 
i>  esi)ecial1y  worthy  of  consideration,  as  it  clearly  shows  how 
the  Compass  experiences  a  strong  directive  force  in  middle 
latitii(!e>,  while  it  becomes  sluggish  in  polar  regions. 

There  are  two  small  oval  areas  on  this  chart—one  over 
Borneo,  the  other  south  of  Mexico:  both  are  centers  of  max- 
imum horizontal  intensity — sloping  peaks,  as  it  were,  whose 
contour  *'  level-lines  "  spread  out  north  and  south  until  they 
vanish  in  a  flat  plane  round  rlic  regions  of  polar  intensity. 

94.  Variabiaty  of  the  Total  latensily  and  its  Horizontal 
Component — The  total  intensity  increases  from  Equator  to 
Pole — its  horizontal  component  from  Pole  to  Equator,  and  it 
is  this  latter  that  gives  to  the  Compass  its  directive  power; 
hence  it  becomes  evident  why  that  instrument  is  more  reli- 
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able  in  one  part  of  the  world  than  in  another.  Consider  in  this 
connection  Fig.  152  again:  at  San  Francisco,  F,  the  needle 
dips  62**,  and  the  horizontal  component,  F//,  has  a  good 

value;  proceeding  to  Alaska,  as  at  x.  Fig.  152 — (i),  it  dii)S 
more,  and  the  hurizontal  component.  xH,  is  less;  continuing 
upward  into  the  Arctic  Ocran.  a>  .n  v.  Fig.  15J — (j).  it  dips 
still  uHjre,  and  there  is  scancoly  enough  of  the  horizunial 
component  left  to  give  the  needle  a  detinite  direction. 

Section  Two :  The  Variation — its  Discovery  and  Fluctuations. 

95.  General  movements. —  The  ether  is  in  ceaseless  agi- 
tation, and  the  magnetic  elenieius,  like  facial  features,  he- 
come  contorted  thereby  and  give  expression  to  every  passing 
motion. 

The  movements  have  l)een  grouiK*<l  according  to  certain 
periods  of  time — by  hours,  whence  we  learn  their  diurnal 
change:  by  months,  whence  the  annual;  and  by  years,  whence 
the  secular,  that  slow,  majestic  stride  that  covers  centuries. 
Then  there  are  movements  of  abnormal  amount — called  dis- 
turbances— that  have  been  bunched  together  and  found  to 
have  a  periodic  recurrence;  there  is  the  movement  peculiar 
to  the  lunar  day;  the  particular  value  that  the  elements  have 
in  winter  as  contrasted  with  that  of  summer  in  the  same 
place;  and  their  distinctive  aspect  in  the  northern  hemisphere 
at  the  same  hour,  day,  month,  or  season  as  compared  with 
that  of  the  southern. 

Superposed  upon  all  these  are  other  small  regular  mo- 
tions— ripples  upon  waves  and  billows. 

0.  Historical* — The  discovery  of  the  Variation  may 
have  been  coincident  with  the  use  of  the  magnetic  needle  for 
indicating  a  course;  for  the  trend  of  that  course  relative  to 
the  direction  of  the  Pole  Star,  which  was  the  initial  point  of 
all  such  reckoning  before  the  Sun  became  generally  used  for 
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determining  azimuth,  should  have  been  noted  at  once  by  a 
careful  observer. 

Between  262  and  419  a.d.,  there  is  a  Chinese  record  that 
"  there  were  ships  directed  to  the  south  by  the  needle  and 
again  that  in  the  ninth  century  they  traded  in  junks  to  the 
Persian  Gulf  and  Red  Sea:  but  whether  the  use  of  the  needle 
for  navigation  thence  spread  from  them,  or  from  some  other 
source,  throughout  Europe,  is  not  established  beyond  dis- 
pute. At  any  rate,  in  the  thirteenth  century,  the  use  of  the 
Compass  (as  will  be  seen  in  the  "historical  sketch  of  it  in  Part 
Second)  was  general  among  the  seafaring  people  of  the  Med- 
iterranean: the  Variation  in  that  sea  at  that  time  was  easterly, 
but  il  IS  not  known  that  the  matter  was  observed  as  one  of 
the  facts  of  nature;  it  is  conceded,  lio.vever,  that  long  ante- 
rior, the  Chinese  did  knuw  of  the  Variaticn,  in  so  far  that 
they  were  aware  that  the  direction  of  the  needle  was  not  that 
of  the  true  meridian.  The  Variation  was  easterly  over  all  the 
sea  that  Columbus  navigated  prior  to  hi?  departure  from 
Palos  in  1492:  as  he  sailed  westward,  lunvever.  ou  his  voyage 
of  (hscovcry,  llie  easterly  Variation  became  less  and  less  (also 
probably  noticed  by  him  but  not  recorded),  until,  on  Sep- 
tember 13,  1492,  when  in  latitude  28**  X.  and  longitude  29° 
W.,  he  wrote  down  that  "  At  the  first  of  the  evening  of  this 
day  the  needles  varied  to  the  N.W.,  and  the  next  morning 
about  as  much  in  the  same  direction/'  By  September  17th, 
he  had  proceeded  far  enough  to  experience  a  Variation  of* 
11"  W. 

This  is  the  first  explicit  record  anywhere  of  a  change  in 
the  Variation;  and  while  Columbus  may  not  hence  be  said  to 
have  discovered  the  Variation,  he  must  be  credited  with  hav* 
ing  been  the  Brst  to  make  it  known,  as  well  as  the  first  to  dis- 
cover a  Line  of  No-Variation. 

It  is  not  intended  to  follow  up  the  history  of  observations 
of  the  Variation  more  than  to  say  that  this  element  was  ob- 
served with  some  regularity  in  Paris  and  London  in  1580; 
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and  that  thence  onward  the  number  of  magnetic  observations 
spread  and  increased  slowly  but  steadily  in  all  countries  until 
1800,  when  they  sprang  into  existence  everywhere  and 

multiplied  in  kind,  number,  and  variety  to  such  extent  that 
to-day  no  phenomenon  of  Nature  is  the  object  of  more  fre- 
queiu  aiul  close  scrutiny  than  terrestrial  magnetism.  .Vt  bca, 
the  ships  of  every  nation  arc  daily  observing  its  fluctuations^ 
and  on  land  there  are  numerous  observatories  specially  built 
and  supi)licd  with  the  most  delicate  instruments  for  record- 
ing by  photography  its  every  phase.  * 

97.  The  Variation  observed  at  sea  by  officers  of  the  U.  S. 
Havy. — I  will  state  here  the  part  taken  by  officers  of  the  U,  S. 
Navy  in  this  field  of  research  during  recent  years. 

While  Superititendent  of  Compasses  in  the  Bureau  of 
Navigation,  Navy  Department,  from  1881  to  1885,  I  con- 
ceived the  idea  of  making  use  of  the  compass  errors  that  are 
daily  observed  by  na\'igators  of  ships.  This  plan  required 
each  vessel  to  swing  ship  on  as  many  equidistant  points  as 
practicable  at  the  beginning  and  end  of  a  passage  and  at 
every  change  of  15**  to  20^  of  latitude  or  longitude  en,  route. 

The  variations  deduced  from  such  swingings  (in  view  of 
the  care  bestowed  on  them,  the  favorable  conditions  of  sea 
and  weather  chosen  for  the  work,  and  the  accuracy  of  the 
instruments  used)  are  probably  among  the  most  reliable  ever 
obtained  from  sea  observations. 

Among  the  blank  forms  devised  at  the  time  to  facilitate 
compass  work  was  number  I  (essentially  the  same  used  at 
the  present  day)  and  upon  it  was  provided  the  space  headed 
"  Record  of  alt  the  most  trustworthy  compass  errors  deter-* 
mined  for  navigating  the  ship":  the  deviation  tables  ob- 
tained from  swinging  ship  at  intervals  along  the  passage 
afforded  the  means  of  removini:;^  the  deviation  from  each 
compass  c;  :nr.  and  thus  ohtainiuij^  a  numi)er  of  trustworthy 
variations,  whose  accuracy  was  further  enhanced  by  the  fact 
that,  with  few  exceptions,  the  ships  of  tiie  Navy  during  the 
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time  referred  to,  were  of  wood,  giving  rise  to  small  devia> 
tions,  liable  to  little  change. 

Where  ships  made  particularly  long  passages  or  to  un- 
frequented rci^ions.  special  instrucliuns  rcgardiiii;  conipas*^ 
oljst'rvations  were  sent  to  tlicm  by  the  Chief  of  the  Bureau 
of  Xavigatioii;  such  was  the  case  with  the*  ALLIA^XE,  Bear, 
and  Thetis  sent  to  the  Arctic;  ihc  rREXTON  and  Essex  to 
China;  the  Bkouki.yx  returniu^^  liome  from  Japan,  via  Cape 
Horn;  the  Rntkkprise  to  Austraha  and  home;  tlie  Juniata 
from  Ch*ina  home;  the  V^andalia,  Swatara,  and  Rich- 
mond, cruising;  and  the  Pensacola  around  the  world.  This 
last  ship  made  a  very  full  series  of  observations:  sailing  from 
Callao,  Peru,  for  Japan  and  thence  home  by  way  of  the  Cape 
of  Good  Hope,  the  ship  was  swung  at  Callao  before  sailing; 
off  the  Capes  of  the  Chesapeake  on  arrival;  and  at  twelve 
spaced  intervals  along  the  passage. 

The  total  number  of  Variations  obtained  from  all  vessels 
was  1320— collected  from  ships  that  had  traversed  every  sea, 
and  approached  the  Poles  to  within  79**  54'  North  and  51^  50' 
South:  the  observations  were  corrected — some,  by  the  navi* 
gators  who  observed  them,  but  by  far  the  greater  number  in 
the  oflice  of  Supt.  of  Compasses,  and  were  all  published  in 
Naval  Professional  Paper  No.  19.  By  a  second  edition  the 
work  was  brought  up  to  1892,  I  think. 

98.  The  Uagnstic  Obsenratofy  at  Washington  built  and 
equipped. — ^To  supplement  this  work  at  sea,  1  pruijosed  to 
the  Chief  of  Bureau  of  Navigation,  Rear  Admiral  John  G. 
Walker,  the  erection  of  a  Magnetic  Observatory  in  Washing- 
ton. He  favored  the  project,  obtained  an  a])propriation  for 
it,  and  authorized  me  to  proceed  with  the  plans  for  the  build- 
ing and  ils  equipment  with  instruments. 

The  Government  at  that  time  had  no  instruments  of  the 
kind  use<l  in  observatories  for  the  continuou>  record  of  the 
!naiL;uelic  elements;  >so  a  cotTiplete  set  of  tlic  lar.^e  and  im- 
proved niagnetographs  was  ordered  through  the  Kew  (ling- 
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land)  Observatory,  tliat  pattern  being  the  one  most  gener- 
ally used  throughout  the  world. 

The  Bureau  already  possessed  an  excellent  magneto- 
meter for  measuring  the  absolute  force  and  a  Dip  Circle;  and 
I  had  a  large  magnet  on  Gauss*  plan  with  silken  fiber  suspen- 
sion constructed  for  eye-observation  of  the  Variation:  an 
extremely  accurate  theodolite  was  purchased  for  use  in  con- 
nection with  this  variation-magnet 

Some  minor  instruments  and  appliances  were  also  pro- 
vided. The  magnetographs,  on  their  arrival  from  England, 
were  set  up  roughly  in  the  office  of  the  Supt.  of  Compasses 
to  study  their  mode  of  working.  There  was  als<;)  provided 
a  full  set  of  apparatus  (the  counterpart  of  the  set  used  by 
Ritchie)  for  insi)ecting  compasses,  which  it  was  my  intent  to 
do  in  the  Magnetic  Observatory. 

The  plans  for  the  building'  were  cnnii)lcte.  and  the  kind, 
number,  and  location  of  the  instruments  settled  and  specified 
by  drawings  and  descriptions;  biii.  on  account  of  long  and 
serious  sickness  in  my  family,  I  hail  to  apply  for  leave  of 
absence,  and  leave  WaslhuL^tun  before  seeing  the  completion 
of  the  project.  Besides.  I  had  been  on  the  duly  for  four 
vears,  and  it  was  doubtful,  in  anv  case,  if  I  could  have  re- 
mained  long  enoui^h  to  see  actual  observations  made  with  the 
several  instruments. 

My  relief,  Connnander  C.  C.  Cornwell,  assisted  l)y  other 
officers  of  the  Xavy.  supervised  the  erection  of  the  building, 
installed  the  instruments,  and  began  observations  with  them. 
The  results,  published  since,  are  evidence  of  the  value  of  the 
Magnetic  Observatory. 

Tt  was  built  on  the  site  of  the  old  Naval  Observatory  in 
Washington,  but  on  removal  of  the  latter  to  Georgetown,  the 
building,  instruments,  and  all  other  material  of  the  Magnetic 
Observatory  were  transferred  too,  and  are  now  on  the  new 
site  as  part  of  the  Naval  Observatory. 
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99.  The  secular  change  in  the  Variation  The  different 

periodic  changes  of  the  V  ariation  will  now  be  described;  and 
first  the  secular,  as  of  primary  importance,  for  upon  an  accu- 
rate knowledge  of  it  depends  the  correctness  of  the  variation 
charts  that  are  used  in  navigation. 

The  secular  change  consists  of  a  steady  increase  or  de- 
crease of  the  Variation  at  any  place:  it  goes  on  for  many 
years — the  needle  attains  its  greatest  deflection  from  the  true 
meridian  (or  the  Variation  becomes  a  maximum)— there  it 
oscillates  in  small  amount  for  a  few  years — then  turns  back 
— attains  a  maximum  deflection  in  the  opposite  direction — 
quivers  slowly  as  before  for  a  time — and  then  returns  to  its 
first  position.  And  so  on — back  and  forth — over  a  certain 
range  of  degrees  during  a  long  period  of  time.  The  motion 
may  be  likened  to  the  swing  of  a  pendulum,  which  has  slow 
movement  at  the  extremes  of  its  amplitude  and  rapid  pace  at 
the  middle  point — a  wave-motion,  in  fact.  Thus  the  secular 
change  l)cing  a  periodic  function  of  the  time,  may  be  fully 
developed  by  Fourier's  -cric^;  and  hence  it  becomes  possi- 
ble to  predict  with  safety  tor  a  few  years  ahead  (from  deduc- 
tions from  the  theorem)  the  value  of  the  Variation  at  any 
j)lace  for  which  accurate  observations  have  extended  over 
sufficient  time  to  furnish  liie  known  qtiantities  required  tor 
j-olntion  of  the  series.  These  quantities  arc  the  sign-posts  for 
our  projKT  guidance  in  using  the  series,  and  they  must  be 
Avatched  closely  and  changed  often  to  keep  us  in  the  right 
direction. 

This  analytical  treatment  of  the  Variation  is  not  restricted 
to  that  element,  but  may  he  extended  to  the  Dip  and  In- 
tensity, if  long  observation  shows  them  to  be  periodic  func- 
tions of  the  time. 

It  requires  centuries  for  the  magnetic  pendulum  to  com- 
plete its  swing,  and  although  observation  of  the  Variation  has 
been  in  progress  for  more  than  three  hundred  years  at  some 
points  of  the  Earth,  yet  not  even  at  these  has  one  cycle  been 
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completed.  This  cycle,  as  well  as  the  maximum  deflection 
that  occurs  during  its  fulfillment,  together  with  the  annual 
contribution  thereto,  all  vary  greatly  from  place  to  place. 

Table  2. 

SECULAR  CHANGE  IN  THE  VARIATION. 


NEW  YORK. 


Year. 

Variation. 

Year. 

Variattun.  | 

Year. 

Variation. 

1580 

lO* 

W. 

1775 

W. 

1847 

5° 

41' w. 

1610 

II 

W. 

1789 

4 

20' w. 

1855 

6 

28  W. 

1635 

1 1 

30' w. 

1824 

4 

40  w. 

i860 

6 

44  W. 

iMo 

12 

w. 

1833 

3 

w. 

1873 

8 

46  W. 

s 

25  w. 

4 

50  w.  , 

>873 

7 

29  w. 

9 

w. 

1837 

5 

40  w. 

1874 

7 

23  W. 

1691 

8 

as  W.  1 

1  1840 

5 

45  W. 

1879 

7 

53  w. 

1700 

8 

20  w. 

184I 

6 

W. 

1884 

7 

35  w. 

1714 

8 

15  w. 

1842 

5 

52  w. 

iSSs 

8 

10  w. 

1724 

7 

20  w. 

1844 

0 

^3  W. 

8 

27  w. 

1750 

6 

w. 

6 

35  w. 

1895 

8 

44  W. 

I7S5 

5 

w. 

j  1846 

5 

09  w.  j 

Tables  J,  3,  4,  and  5  in  connection  with  Fi.q^s.  153.  154, 
155.  ^^"f^  ^5^>.  illustrate  the  scciihir  chnnj^e  at  clivers  parts  of 
the  Earth  from  the  most  remote  period  of  observation  of 
the  Variation  at  each,  to  the  present  epoch. 

In  these  Figures*  the  movement  of  a  horizontal  needle  is 
depicted  by  rectangular  coordinates — tlie  time  at  the  side,  the 
range  of  variation  proper  to  the  locaHty  at  the  top. 

The  dots  indicate  actual  observations  plotted  from  the 
tables,  while  the  curves  take  a  middle  course  through  them. 

Glancing  at  Table  2,  illustrated  by  Fig.  153,  it  will  be 
seen  by  the  path  of  the  north  end  of  a  needle  at  New  York, 
that  when  6rst  observed  in  1580,  the  variation  was  lo**  W.; 
this  increased  until  1680;  then  the  needle  took  a  long 
stride  eastward,  gradually  lessening  the  variation  to  3^,  when, 
in  1833,  again  it  turned  westward,  and  is  still  moving  in  that 
direction.  1 
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SECULAR  CHANGE  OF  THE  VARIATION  AT  NEW  YORK. 

SCALE  or  VARIATION. 


// 

WCSI 

ERLY  VARIilriON. 

\\ 

\\ 

MIN.. 

1 

1 
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/. 
/  / 

Flo.  155* 


Digitized  by  Google 


THE  VARIATION, 


215 


The  differences  between  the  Variation  of  successive  years 
— the  secular  change — attord  the  data  for  correcting  charts 
and  publishing  them  with  sufficient  accuracy  iur  a  few  years 
ahead. 

Since  first  observed,  the  secular  change  at  New  York  has 
been  an  increase  or  decrease  of  tvestcHy  variation;  but  now 
consider  the  movement  at  Paris,  France,  Fig.  154,  in  connec- 

Table  3. 

SECULAR  CHANGE  IN  THE  VARIATION. 


Paris'.  France. 


VariaKkMl. 

Ycir. 

VarlMloB. 

Year. 

Variatiott. 

1541 

7" 

E. 

1710 

11' 

ii'W. 

1S12 

22" 

29' w. 

1550 

8 

E. 

1720 

12 

52  w. 

1816 

23 

26  w. 

1 5  So 

II 

30'  E. 

1726 

14 

37  W. 

1S27 

22 

15  w. 

1603 

8 

45  E. 

1735 

15 

23  w. 

i»35 

22 

04  w. 

t6to 

8 

00  e. 

1744 

16 

37  W. 

1838 

21 

38  w. 

1630 

4 

30  E. 

1  1753 

17 

49  W. 

1842 

21 

29  w. 

1643 

3 

30  E.  , 

1  1765 

19 

W. 

1S58 

19 

36  w. 

I 

30  e.  I 

I  1770 

so 

01  W. 

1865 

18 

44  W. 

1664 

0 

40  E. 

1777 

20 

40  W. 

1869 

17 

W. 

1667 

0 

08  W. 

17S2 

21 

25  w. 

1875 

17 

21  W. 

1670 

I 

30  W.  ' 

1790 

22 

16  W. 

1879 

16 

\V. 

16S0 

3 

08  W. 

1798 

aa 

14  W. 

1885 

16 

07  w. 

1685 

4 

sa  W. 

1803 

21 

58  w. 

1S88 

15 

52  w. 

1691 

6 

37  W. 

1805 

22 

05  w. 

1700 

9 

W. 

1 

22 

34  W. 

1 
J 

tion  with  Table  3:  there,  in  1541,  the  variation  was  7**  E.^ 
still  iiicreasiiifj;;  and  ke{)t  on  so  until  1580:  then  a  grand  retro- 
grade movement  began  and  continued  for  234  years,  the 
neeiUe  reaching  the  true  meridian  about  passing  to  the 

west  of  it  and  advancing  in  tliat  <lirection  until  1814,  when: 
the  Variation  was  more  tlian  22°  \V.;  again  it  turned  east- 
ward and  is  still  moving  to  the  east,  to  complete  its  cycle. 

Tiie  secular  changes  at  Hobartown,  Tasmania,  and  the 
Cape  of  Good  Hope,  Africa,  are  given  in  Tables  4  and  5:  with 
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Fi^rs*  155  156*  drawn  from  them,  they  afiord  a  means  of 
contrasting  the  phenomenon  in  southern  regions  with  that  in 
northern. 

SECULAR  CHANGE  IN  THE  VARIATION. 


Table  4. 


CAPE  OF  GOOD  HOPE,  AFRICA. 


Tablb  5. 

HOBARTOWN,  TAS- 
MANIA. 


Variation.  | 

Year. 

Variation. 

Vaar. 

Variation. 

1605 

o"  30'  E.  ' 

1839 

29°  oq' 

W. 

1843 

9°  54'  E. 

1609 

0    12  W. 

'  1841 

29 

06 

w. 

1844 

9    55  E. 

1623 

2    00  W. 

184s 

«9 

o3 

w. 

1675 

8    14  W. 

1846 

29 

09 

w. 

184s 

9    57  E. 

1691 
1751 

TI   00  W. 

19   15  w. 

1847 
184S 

29 
29 

13 

M 

w. 

w. 

1846 

9    58  E. 

1775 

31     14     W.  j 

1849 

89 

16 

w. 

1847 

9    59  E. 

1788 

S4  04   W.  I 

i8so 

39 

19 

w. 

1848 

10   01  E. 

vm 

24  31  w. 

1857 

29 

34 

w. 

i8t8 

26   31  w. 

1374 

30 

04 

w. 

1836 

S8   30  W.  1 

1890 

«9 

36 

w. 

SECUUR  VARIATION  AT  HOBARTOWN, TASMANIA 

YEAR.  SCALE  OF  VARIATION. 


MM 


1848 


,1848 


054 


E.       55'   B6'         67'         88'          BO'        10  E. 


 1 

■ 

Fig.  156. 
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100.  Movement  of  the  magnetic  needle  in  space  graplii- 
cally  represented.— The  movement  of  a  needle  in  a  horizon- 
tal plane  (which  is  that  graphically  represented  in  the  four 
cases  of  Art.  99)  docs  not  give  a  clear  idea  of  the  motion 
of  a  needle  not  so  constrained:  to  obtain  this  and  depict 
it,  imagine  a  freely  suspended  needle  at  the  center  of  a  spher- 
ical surface;  it  moves  in  both  Dip  and  Variation  at  the  same 
time,  and  each  end  traces  out  on  the  interior  of  the  surround- 
ing shell  a  closed  curve  of  identical  form;  let  a  plane  be 
passed  tangent  to  the  sphere  at  the  point  in  which  the  sus- 
pending fiber  pierces  it,  then  the  closed  curve  may  be 
projected  on  this  plane,  and  such  in  principle  is  the  mode  of 
representation  in  Figs.  157.  158,  and  159:  the  observations 
of  Variation  and  Dip  in  Tables  6  to  11  afford  the  means  of 
plotting  the  points  of  the  curves. 

CAMBRIDGE,  MASS. 


Table  <L 

SSCUlJiR  CHAI4GK  IN  THE 
VAMATION. 


Tabu  7. 

secular  changk  in 

TBB  DIP. 


Yew. 

Variation. 

Year. 

VarbUioa. 

Vmt. 

Dip^ 

1708 

00' 

W. 

1840 

9" 

18' 

w. 

1722 

6S" 

22' 

N. 

174a 

8 

00 

w.  , 

1842 

9 

35 

w. 

17S0 
1782 

69 

51 

N. 

1750 

7 

4a 

w. 

1844 

9 

39 

w. 

69 

41 

N. 

1757 

7 

20 

w. 

1845 

9 

32 

w. 

1783 

69 

41 

N. 

1761 

7 

14 

w. 

1850 

9 

30 

w. 

1839 

74 

20 

N. 

1763 

/ 

00 

w. 

1852 

10 

08 

w. 

1S40 

74 

22 

N. 

1780 

7 

02 

w. 

1854 

10 

39 

w. 

1841 

74 

»7 

N. 

1789 

6 

44 

w. 

1855 

10 

55 

w. 

1642 

74 

16 

N. 

17S3 

6 

52 

w. 

1856 

10 

50 

w. 

1844 

74 

18 

N. 

1786 

6 

38 

w. 

1859 

10 

48 

w. 

1845 

74 

19 

N. 

1810 

7 

30 

W.  1 

T866 

10 

41 

w. 

1850 

74 

34 

N. 

1833 

6 

00 

w. 

1879 

II 

46 

v;. 

1854 

74 

33 

N, 

1835 

8 

5» 

w.  \ 

1895 

12 

33 

w. 

1856 

74 

12 

N. 

1837 

9 

09 

w. 

1859 

74 

20 

N. 

1879 
1895 

73 
7S 

48 
t6 

N. 
N. 
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SECULAR  MOVEMENT  OF  THE 
NQEOLE  tA  SPACEI  VARIATION 

And  dip  combined, 
cambridqe,  mass. 

11  lo"  r 

LE  OF  yAR  ATI  ON 


W.14°  13°  12 


Fig.  157. 


It  will  be  seen  that  while  each  of  the  three  places — Catn- 
bridge,  Acapulco,  and  Washingfton — ^has  its  characteristic 
curve,  all  have  one  feature  in  common — ^the  north  end  of  the 
needle  moves  in  the  direction  of  the  hands  of  a  watch.  In 
none  has  the  cycle  been  completed  during  the  period  of  ob- 
servation— the  curve  is  therefore  not  closed. 
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ACAF^ULCO,  MEXICO. 


Table  U. 

Tablk  9. 

SBCULAR  rilANr.E  IN  THB 

SECULAR  CltANCB  IN 

VAKtATtON. 

TMfc  DIP. 

Year. 

VmriatiiMi. 

Year. 

Variuimi. 

Year. 

Dip. 

I*  30'  E. 

1841 

\i  E. 

1791 

36'  08'  N. 

1744 

3    ry »    K . 

1SG6 

8    33  E. 

1803 

38    53  N. 

1791 

7  44 

1874 

8    39  E. 

1838 

37    57  N. 

1S22 

8    40  E. 

1880 

7    57  E. 

1566 

39    54  N. 

1838 

9   07  E, 

1883 

7    54  E. 

18S0 

40   09  N. 

1837 

8   23  E. 

1  1893 

7    35  E, 

1893 

40    2$  N. 

X838 

8   15  E. 

MOVEMENT  OF  THE  NEEOLl  IN  SPACE 

VARIA'  CM  Ar.'?  PIP  COMBINED. 
ACAPULCO,  MEXICO.* 
SCALE  OF  VARIATION 


Fio.  isS. 
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WASHINGTON,  D.  C. 


Tablb  10. 

Table  11. 

SECULAR  CHAKGI  IN  THB  VAftlATtON. 

SICULAR  CHAKOE  IN  THE  DIP. 

Yew. 

Varwtioa. 

Ytmr. 

Variuhm. 

Ycmr. 

Dip. 

Yew. 

Dip. 

1754 

i" 

0^'  \v. 

1874 

3' 

06'  W. 

1838 

71' 

I  i  X. 

1871 

71° 

00'  N. 

1780 

0 

3u  W. 

1875 

3 

15 

w. 

1839 

71 

iS  N. 

1872 

7» 

01  N. 

1791 

0 

42  E. 

1  1876 

3 

i9 

W. 

1840 

71 

20  N. 

1873 

70 

59  N. 

1809 

0 

52  W. 

,  1877 

3 

39 

w. 

1841 

71 

16  N. 

1874 

70 

52  N. 

1S41 

I 

20   Vv  . 

1878 

3 

45 

w. 

1842 

71 

14  si . 

1875 

70 

51  N. 

1642 

I 

24  w. 

1879 

3 

50 

w. 

1844 

71 

22  N. 

1876 

70 

47  N. 

1855 

2 

24  w. 

1880 

3 

57 

w. 

1845 

71 

34  N. 

1877 

70 

49  N. 

1856 

2 

n  W. 

t88a 

9 

55 

w. 

185a 

71 

16  N. 

1878 

70 

48  N. 

i?57 

2 

25  w. 

1883 

4 

nn 

\v. 

1853 

71 

2:  N. 

1879 

70 

4S  N*. 

i860 

a 

27  w. 

158.1 

4 

01 

w. 

1S55 

71 

27  N. 

1880 

70 

45  N. 

X869 

a 

39  W. 

1885 

4 

13 

vv. 

1856 

71 

21  N. 

1881 

70 

43  N. 

1863 

2 

42  W. 

1S86 

4 

09 

w. 

1857 

71 

22  N. 

1882 

70 

44  N. 

1866 

2 

44  W. 

1  1S87 

4 

05 

w. 

1858 

71 

23  N. 

1883 

70 

41  N. 

X867 

a 

48  W. 

'  1888 

4 

09 

w. 

1859 

71 

24  N. 

1884 

70 

35 

i863 

2 

51  w. 

1889 

4 

13 

w. 

i860 

71 

I6  N. 

18S5 

70 

33  N. 

1869 

2 

53  W. 

1890 

4 

t8 

w. 

t86i 

7f 

t8  N. 

1  1886 

70 

30  N. 

1870 

3 

54  W. 

1891 

4 

24 

w. 

1862 

71 

ig  X. 

K^S; 

7^' 

27  X. 

1871 

3 

57  W. 

j  1892 

4 

a? 

w. 

1863 

71 

14  N.  , 

1  1868 

70 

25  N. 

1873 

3 

00  W. 

1893 

4 

48 

w. 

1865 

71 

13  N.  ! 

1889 

70 

25  N. 

1873 

5 

00  W. 

1  1895 

4 

47 

w. 

lPf)6 

71 

1S90 

70 

24  N. 

1867 

71 

16  n! 

1891 

70 

84  N. 

1868 

71 

03  N.  1 

'  1892 

70 

34  N. 

1S69 

70 

58  N. 

1893 

70 

12  N. 

1870 

70 

55  N.  1 

1895 

70 

15  N. 

SECULAR  MOVEMENT  OP  THE 
NEEDLE  IN  SPACE  VARIATIOM 

AND  DIP  coMsmeo. 

WASHINOTON,  D.C. 


Fio.  159^ 
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xoi.  The  animal  change  in  the  Variation.^The  anntiol 
€!hangc  in  the  Variation  is  a  periodic  fluctuation  during  the 
months  of  the  year,  and  seldom  attains  2'  of  arc:  it  is  illus- 
trated by  Table  12:  the  prominent  fact  brought  out  is,  that 

Table  12. 

fluctuation  of  the  variation  throughout  the 
months  of  the  year  at  different  places. 


Anovnt  and  direction  of  ibc  change  on  nch  tid*  of  the  iBCMn  for  the 
3rear:  Plus  denotes  that  tlte  needle  It  to  the  caiiward,  minus  (-) 
to  the  westward,  of  the  mean  poaltion  tor  the  jrear. 


Hontoe. 

Kcw. 
Bnylaad. 

Canada. 
TofontOt 

St.  Hrlrna 
IkUnd. 

Cape  of  Good 

Hope. 
South  Africa. 

Hobartown 
Tasaania, 

'.6 

A".2 

-f 

3' 

'.0 

a9".4 

-  3« 

'.9 

Febriiarj'  

34 

.2 

0 

.6 

18 

.0 

43 

.2 

-  7 

.9 

29 

.i 

7 

.8 

10 

.2 

49 

.3 

-  16 

•7 

t 

.5 

0 

.6 

•f 

2 

•4 

64 

.2 

-f  22 

•  2 

48 

.8 

4- 

.6 

I 

.2 

4- 

10 

.8 

-f  28 

.7 

July  

50 

.6 

17 

•4 

4- 

13 

.3 

4- 

6a 

•4 

4-  24 

.  I 

70 

.3 

42 

.6 

8 

•  4 

+ 

.2 

—  20 

.6 

20 

.7 

4 

.2 

t 

3 

.6 

4- 

61 

.8 

12 

.2 

September...  • 

9 

.8 

47 

.4 

»9 

.8 

4- 

43 

.a 

4-  4 

•s 

October  

49 

.6 

6[ 

.0 

t 

.8 

4 

.3 

-  13 

.6 

NoTembei .... 

34 

.8 

24 

.6 

7 

.a 

25 

.2 

_  27 

.6 

December .... 

1^ 

39 

.6 

«9 

.8 

7 

.3 

43 

.6 

-38 

*5 

Table  13, 

fluctuation  op  the  variation  according  to  season. 

(Rearrangement  of  Table  is.) 


Localitjr. 

Mean  Value  of  the  Fluctuation  and  its  Direction. 

April  to  Septemtier. 

October  tu  March. 



-l-a8".7 

-  3«".8 

4-  4  .5 

-  X7  .1 

4-   5  .4 

—  6  .9 

Cape  of  Good  Hope. 

4-  28  .7 

-  30  ,9 

+  18  .7 

-  17  .3 
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regardless  of  geographical  location,  or  the  amount  o£  the  Va- 
riation, at  a  pldce,  or  whether  it  is  easterly  or  westerly, 
increasing  or  decreasing,  or  what  the  absolute  value  of  the 
secular  change  may  be — ^for  all  these  circumstances  enter  into 
Table  12 — ^still,  the  needle  is  steadily  on  one  side  of  its  mean 
yearly  position  during  the  summer  months  of  the  locality, 
while  it  is  on  the  other  side  of  its  mean  yearly  position  during 
the  winter  months  of  the  same  place,  see  Fig.  162.  The 


POSITION 

SUMMER 

WINTER   V  \/ 


K«w  (England) 


MAQNETtC  EQUATOR 


WINTER 

HA»  TCI  *ua. 

SUMMER  "''^^  V  ,  r  , 

KOV.  TOFCB.  n\!  C.p.  of 

Good  Hop* 
(Africa) 


■Fio.  tte. 

change  occurs  in  the  equinoctial  months,  as  may  be  seen  by 
the  uncertainty  of  sign  at  those  times;  and  St.  Helena  shows 
most  irregularity  in  this  respect,  as  it  naturally  should  from 
its  proximity  to  the  magnetic  equator. 

By  taking  the  mean  for  each  place  for  each  of  the  two 
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•  DIURNAL  CHANQE  OF  THE  VARIATION  AT  TORONTO,  HOBARTOWN.  AND 
8T.HELENA;  CONTRAST  OF  SEASONAL  CHANQE  AT  8r.HeLEflA. 
DEFLECTIONS  OF  THE  NORTH  END  OF  THE  MAGNET. 
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Fig.  z6z. 


THE  VARIATlOIf. 


22$ 


periods,  April  to  September  and  October  to  March,  as  is  done 
in  Table  13,  the  contrast  between  the  two  portions  of  the 
year  becomes  more  striking.  This  clearly  shows  a  depend- 
ence of  the  annual  fluctuation  upon  the  position  of  the  Sun 
■with  regard  to  the  Equator.  The  oppositeness  of  movement 
of  the  needle  in  both  magnetic  hemispheres  according  to 
season  receives  further  illustration  in  Figs.  160  and  161. 
From  them  it  will  be  seen  that  at  stations  well  north  or  south, 
as  at  Toronto  and  Hobartown,  the  needle  at  all  seasons  main- 
tains a  characteristic  position  with  reference  to  the  mean  posi- 
tion for  the  year,  only  that  in  the  summer  of  each  hemisphere 
the  rang^  is  greater  than  in  winter,  while  at  St.  Helena, 
located  near  the  divide,  there  is  alternately  the  characteristic 
feature  of  each  hemisphere,  according  to  the  position  of  the 
Sun. 

It  can  scarcely  be  inferred,  however,  that  this  change  in 
the  ran^e  of  the  needle  is  n'holly  due  to  temperature,  for 
in  the  vaults  of  the  Paris  Observatory,  eiLrhly  feel  below  the 
surface,  wliere  the  temperature  is  maintained  at  a  constant, 
tiie  same  seasonal  movement  is  observed. 

102.  The  Diurnal  Change  in  the  Variation, — The  diurnal 
change  in  the  variation  consists  of  a  regular  swayiui;  to  and 
fro  of  the  niag^net'c  meriihan- — twice  to  the  east  and  twice  to 
the  west — during'  tiie  i)erio<l  of  twenty-four  hours:  it  is  illus- 
trated in  Tabic  14  for  th  e  widely  separated  stations. 

This  Table  is  formed  by  taking  the  mean  of  all  the  hourly 
observations  during  the  year,  which  gives  the  mean  variation 
for  the  year;  also,  the  mean  for  the  same  Iwur  throughout  the 
year,  which  j^ives  the  separate  hourly  means. 

Subtracting^  each  hourly  mean  from  the  yearly  mean  gives 
a  series  of  values  for  the  twenty-four  hours  of  the  day,  which 
are  the  quantities  that  appear  in  Table  14,  the  plus  (-{-)  sign 
Indicating  that  the  north  end  of  the  needle  was  to  the  east  of 
its  mean  position,  and  the  minus  ( — )  sign  that  it  was  to  the 
west  of  it.   Fig.  163,  drawn  from  Table  14,  represents  the 
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Table  14. 


DIURNAL    FLUCTUATION   OF   THE  VARIATION 

ENT  PLACES. 


AT  DIFFER- 


Houn. 


Name  o|  plaic,  ;inH  ami  uiit  aiul  ilifnuon  (if  the  fluctuation  on  each  side 
o(  ilie  nu-.ui  position  o(  the-  iiccd  o  for  the  year*  t-fli  denotes  that 

the  ni>rili  cm!  ul  tlic  iicedlt  Is  to  iiic  cuMw.ircl  nl  ilic  mean  for  the  yrar, 
and  minus  (  — )  thai  it  is  lu  the  westward,  by  the  amount  opposite  the 
•igp. 


WMllinKtOllt 

D.C. 

Tcfonto, 
Canada. 

St.  Heleaa 
Island. 

Capr  of  Good 

Hope, 
South  Africa. 

1 

I )  obaftovrn 
i  aaaaania. 

X  A.lt. 

+  o'.27 

+ 

o'.54 

4-  o'.13 

+  o'.si 

—  I'.OS 

a 

i* 

4-  o  .33 

-f 

0  .52 

-1-0.09 

4-  0.45 

—  0.70 

3 

i« 

+  0.42 

0 .71 

-h  0 .06 

4-  0.41 

—  0.46 

4 

t« 

+  'J'74 

+ 

I  .13 

-f-  O.C4 

4-  0-34 

-  0.39 

5 

»• 

4-  0.99 

-f 

I  .93 

-f  0.12 

-i'  0.19 

—  0.67 

6 

it 

4-  I -73 

t 

2  .98 

+  0.44 

4-  0.05 

-  1.07 

m 

t 

-f-  2.63 

+ 

3  •q9 

-f  c  .08 

-  0.57 

—  I  .98 

8 

>• 

+  3-J5 

4  44 

-  0.83 

-  1  .87 

-  2.95 

9 

4» 

:   2  .87 

3  ■<'3 

-  1  13 

-  3-52 

II' 

t  1 

4-  I  .32 

I  .24 

-  0.75 

-  2.47 

—     0  HO 

u 

<« 

—  OiS; 

1  .69 

-I-  0.18 

-  1. 41 

7  0-97 

Noon 

-  a. 73 

4  .03 

-h  0.76 

—  0,01 

T  ».45 

1 

r.H. 

-  3.86 

5  -07 

4  o.6g 

4-  0  .90 

4-  3  .64 

2 

-  3-83 

4.87 

4-  0.40 

4-  1 .33 

4-  4.66 

3 

-  3  .07 

3-83 

-f  0.04 

4-  I  -17 

4-  4-5^ 

4 

—  1  .90 

2  .48 

—  0  .36 

4-  0.63 

4-  3.54 

S 

«• 

-  0.93 

I  .29 

-  0.55 

4-  0 .20 

+  2  .20 

6 

I  • 

-  0  .30 

0  .40 

-  0.38 

4-  0.17 

-f-  1 .20 

7 

-j-  0.09 

0  .12 

—  0  .07 

4-  0.36 

4-  0.48 

8 

*• 

-f  0.40 

0.18 

+  0.07 

4-  0.45 

—  0.34 

9 

<« 

0  .6g 

+ 

0  .52 

4-  0 .  ig 

4-  0.49 

—  0.81 

lO 

•  * 

+  0-74 

0  .70 

4-  0.28 

4-  0 .48 

—  1 .38 

II 

«• 

■¥  0.70 

0.71 

4-  0.38 

4-  0.47 

1.5a 

Midnight 

-i-  0.68 

0.63 

+  0  .34  i 

4*  0*48 

—  1.38 

course  of  the  needle  at  IVdsliiiigton,  and  Ki^.  164  presents  it 
in  another  way;  consider  l)oth  these  Figures  tog^ether:  TO  is 
the  true  meridian,  and  MO  the  mean  ptjsitiun  ot  the  mag- 
netic meridian  for  the  year,  so  that  MOT  is  the  \  ariation;  at 
8  a.m.,  the  needle  was  at  -40,  tlic  eastern  limit  of  its  excursion 
from  the  mean  j)()sition  .1/0;  then  it  turned  westward,  and 
■  moving  in  that  direction,  attainc^d  the  limit  BO  at  i  p.m.; 
here  it  turned  east  and  advanced  to  CO  at  10  p.m.;  again  it 
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Fig,  163. 

0<URNAL  FLUCTUATION  OF  THE  VARIATION  AT  VyASHINQTON,  O.C. 


hOURS  OF  THE  DAY. 


»    1     t    «    «     »  « 


HOURS  or  THE  DAY. 


turned  west  bnt  proceeded  only  to  DO  at  I  a.m.,  whence  it 
made  a  hnal  turn  to  the  east — to  trace  a  similar  path  oii  the 
next  day  and  every  succeeding  day.  And  this  daily  journey 
is  typical  of  what  occurs  in  cver>'  part  of  the  world,  only  that 
In  southern  regions  the  converse  of  the  movement  takes  place 
at  the  same  'hour.  Along  some  line,  therelore»  dividing  the 
two  magnetic  conditions  of  the  globe,  there  must  cease  to  be 
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any  hourly  motion  of  the  needle,  but  such  a  line  has  not  yet 
been  found  l)y  observation. 

The  hours  of  maxima  and  minima  deflections  from  the 
mean  position  vary  sUghtiy  with  locahty,  and  at  the  same 


Flo.  I64< 


place  they  vary  with  tlic  >eason;  occasionally,  tlie  regularity 
is  broken  up  by  disturbances,  hut  on  the  whole,  no  magnetic 
phenomenon  recurs  with  more  exactitude. 

The  arc  over  which  the  needle  swinj^s — the  daily  range — 
also  varies  with  time  and  place — is  less  in  winter  than  in 
summer,  and  in  middle  latitudes  than  toward  the  Poles:  at 
Key  West,  for  iu'^tnnre.  the  mean  range  is  5'. 5;  at  Washing- 
ton, 7'.2;  at  Point  Barrow  (latitude  71**  N.)»  40';  and  at  Lady 
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Franklin  Bay  (latitude  82"  N.)>  x'  6';  again,  at  Washington 
the  mean  range  of  summer  is       and  only  5'.5  in  winter. 

The  diurnal  range  at  different  places  and  seasons — ^the 
oppositeness  of  movement  of  the  north  end  of  the  needle  at 
the  same  hour  in  both  hemispheres — ^and  the  varying  hours 
at  which  the  maxima  and  minima  deflections  from  the  mean 
position  occur,  are  all  illustrated  in  Fi^^  161. 

103.  The  Lunar  Change  in  the  Yariatioa. — The  lunar 
chancj'e  of  the  V'ariation  is  a  rej^^ular  ehl)  and  flow,  as  it  were, 
of  ilic  etliereal  atmosphere — two  maxima  and  two  minim. i  ui 
every  lunar  day — just  like  llie  tides  of  ocean;  the  range  is 
small,  seldom  exceed  in  pr  30"  of  arc. 

104.  Magnetic  disturbances.— Superposed  upon  all  the 
toregoinq"  peritxiic  chanij  f  -  ire  disturhntices,  which  occur  at 
any  time  and  in  varied  decree,  modifying  their  repfularity  and 
normal  tlow,  and  cri^''"?^  t'lcm  the  semblance  of -humps,  hol- 
lows, and  sudden  l)reaks  without  law  or  order:  l)ut  by  regard- 
ing all  violent  jumps  of  the  needle  above  a  certain  value  as 
disturbances,  and  removing  them  from  the  observations,  the 
characteristic  features  of  every  periodic  change  stand  forth  as 
smooth  and  regular  as  those  of  any  other  of  nature's  phe- 
nomena. When  classified,  even  the  disturbances  exhibit  peri- 
odicity— daily,  yearly,  and  secular:  in  extent  they  may  be  a 
few  minutes  of  arc,  or  reach  several  degrees,  and  their  influ- 
ence may  be  restricted  to  the  confines  of  a  small  region,  or 
spread  simultaneously  over  the  greater  part  of  the  globe. 

♦ 

Section  Three :  The  Dip— its  Discovery  and  Flnctttations. 

105.  Discovety. — In  the  year  1269,  Pierre  de  Maricourt, 
a  monk,  known  generally  in  literature  as  Peter  Peregrinus — 
a  most  eminent  and  learned  man — ^wrote  a  letter  setting  forth 
his  magnetical  researches.  Among  these  he  established  the 
principal  facts  of  the  science:  that  a  magnet  had  two  poles 


uiyiii^uG  by  Li009le 


THE  MAGNETIC  ELEMENTS  OF  THE  EARTH. 


— ^that  unlike  poles  attracted — ^that  the  poles  were  reversible 
— that  subdivision  of  a  magnet  only  produced  so  many  simi- 
lar ones — that  the  strength  of  a  magnet  could  be  determined 
by  the  weight  it  would  lift — that  a  field  existed  around  every 
magnet  in  which  a  smalt  needle  took  definite  direction  [along 
lines  of  force] — ^and  that  the  smalt  needle  hung  level  only 
about  the  middle  of  the  magnet,  xvlxHe  it  dipf>cd  on  api>roach- 
ing  either  pole.  This  is  the  first  indication  of  the  Dip. 

In  1544.  Dr.  George  Hartman,  an  eminent  mathematician 
of  Prussia,  wrote — "  In  the  second  place,  I  find  also  this  in 
the  majTiiet:  tliat  not  only  does  it  decline  from  the  north  and 
turn  to  the  east  for  nine  <loj^rces  more  or  less  as  I  ha\  e  said, 
but  it  also  shows  a  r/TiV/r.  t// J  iut  luiulion  whicli  may  \>c  dem- 
on.slrated  as  follo\v>;  lake  a  com|)ass-nec(lle  about  the 
lensfth  of  n  fin<;er  and  i)lacc  it  i>u  a  pi  tint  in  a  prxitiun  exactly 
hurizouial  (or  on  the  water-level)  m)  iliai  nciilicr  end  inclines 
to  the  Karth  and  both  sides  are  in  exact  equilibrium.  Xuu 
if  1  rub  either  end  of  the  needle  once  with  a  magnet,  the 
needle  dties  not  stand  any  lonjjer  balanced,  but  iiiclincs  down- 
wardly about  nine  degrees,  more  or  less."  {7  he  Intiilcctiial 
Rise  in  Jilectncity.)  This  is  the  second  record  regarding  the 
Dip.  Hut  it  was  in  1576,  at  London,  that  Robert  Xorman. 
a  mathematical  instrument  maker,  conducted  the  first  ac- 
curate experitncnts  regarding  the  Dip:  and  that  he  honestly 
considered  himself  its  fliscovercr  is  evident  from  his  own  ac- 
count in  the  following  quaint  language: 

"  Having  made  many  and  diverse  compasses,  and  using 
alwaies  to  6ntsh  and  end  them  before  I  touched  the  needle, 
I  found  contimiallie  that  after  I  had  touched  the  yrons  with 
the  stone,  that  presentlie  the  North  point  thereof  woulde 
bend  or  decline  downwards  under  the  horizon  in  some  quan- 
titte;  insomuch  that  to  the  flie  of  the  compass,  which  was 
before  levcll,  I  was  constrained  to  put  some  small  piece  of 
ware  on  the  South  point  and  make  it  ecjuall  againe.  Which 
effect  having  many  times  passed  my  handes  without  anic 


THE  DIP—ITS  DISCOVERY  AlfD  FLUCTUATIONS,  23 f 

^reat  regard  thereunto,  as  ignorant  of  anie  such  propertie  in 
the  stone,  and  not  before  having  heard  nor  read  of  anie  such 
matter^  it  chaunced  at  length  that  there  came  to  my  hands 
an  instrument  to  be  made  with  a  needle  of  sixe  inches  long, 
which  needle  after  I  had  pollished,  cut  of  a  just  length,  and 
made  it  stand  level!  upon  the  pin,  so  that  nothing  rested  but 
onlie  the  touching  it  with  the  stone,  when  I  had  touched  the 
same,  presentlie  the  North  part  thereof  declined  down  in  such 
sort  that  being  constrained  to  cut  awaie  some  of  that  part  to 
make  it  equalle  againe,  in  the  end  I  cut  it  too  short,  and  so 
spoiled  the  needle  wherein  I  had  taken  so  much  paines. 
Hereby  being  stroken  into  some  cholar,  I  applied  myself  to 
seeke  further  into  this  effect,  and  making  certaine  learned 
and  expert  men,  my  friends,  acquainted  in  this  matter,  they 
advised  nie  to  frame  some  instrument  to  make  some  exact 
triall  how  much  tlic  needle  touched  with  the  stone  would 
decline,  or  what  greater  angle  it  would  make  with  the  plaine 
of  the  horizon." 

106.  The  Secular  Change  in  the  Dip.— Since  the  move- 
ment in  space  of  a  freely  suspended  needle  is,  for  conveni- 
ence, re|)re>-ented  by  that  in  two  planes— the  horizontal  and 
the  vertical — or  by  Variation  and  Dip;  and  since  one  of  these 
components  is'sul)ject  to  a  \ariety  of  periodic  tluctuations, 
it  would  be  natural  to  infer  that  the  other  ^inseparably  bound 
to  it)  should  part.nke  of  the  same  changes,  and  such  is  the 
fact,  estabUshed  by  obser\  ation :  the  Dip  is  characterized  by 
secular,  annual,  and  diurnal  fluctuations,  but  the  amount  is 
much  less  than  in  the  Variation.  Tables  7,  9,  11,  15.  and  16 
illustrate  the  secular  change  at  diverse  places;  consider  first 
the  one  covered  by  the  longest  period  of  observation — Lon^ 
•don:  in  1576,  the  Dip  was  tending  toward  a  maximum,  which 
it  reached  about  1723:  ever  since  it  has  been  decreasing, 
with  a  change  of  7'  27'  in  177  years,  or  an  average  of  2*,$  a 
year.  At  the  Cape  of  Good  Hope,  the  change — ^a  continued 
increase — was  14*  in  129  years,  nearly  7'  a  year.  At  Cam- 
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Table  15. 


SECULAR  CHANGE  IN  THE  DIP  AT  LONDON,  ENGLAND. 


Year. 

Dip.  j 

1  Year. 

Dip.  j 

Year. 

Dip. 

1600 
1676 
1723 

1773 
1786 
1801 
1821 
1830 
X838 

1854 
i860 

71'  50' N. 
7a    00  N. 

73  30  N- 

74  42  N. 
72    19  N. 
72    og  N. 
70   36  N. 
70   03  N. 
69    38  N. 
69    17  N. 
68    31  N. 
68    19  N. 

1863 
1864 
1 86  s 
1866 
1867 
1 868 
1869 
1870 
1S71 
1872 
1873 
1874 

68°  12' N. 
68    09  N. 
68   08  N.  i 
68  05  N.  1 
68    03  N. 
68  oa  N.  , 
68   00  N.  1 
68    00  N. 
67    56  K. 
67    54  N. 
67    51  N. 
67    50  N.  1 

1SS2 
1885 
X886 
1887 
1890 

1891 
1893  / 

1893 
1894 

1895 
1896 

1 

67°  4 1  N 
67    37  N. 
67    37  N. 
67    36  N. 
67    33  N. 
67   31  N. 
67   39  N. 
67   26  N. 
67   26  N. 
67    24  N. 
67    2  ^  N . 
67    20  N. 

Table  16. 

SECULAR  CHANGE   IN  THE  DIP  AT  THE  CAPE  OP  GOOD* 

HOPE,  SOUTH  AFRICA. 

Year. 

Dip. 

1  Year. 



 , 

Year. 

Dip. 

1751 
1770 
1774 
1775 
1780 
1702 

X836 

43'  oo'S. 
44    24  S. 

44  30  S. 

45  18  S. 

46  48  s. 

47  24  S. 
50    36  S. 

53  34  s. 

1841 
1842 
1  1843 
t  1844 
1845 
1846 

1847 

53'  06' s. 

53    09  S. 
53    15  S. 
53    20  S. 

53   29  S-  i 
53    29  S. 
53    32  S. 
53  40  S. 

1848 

1849 
1850 

1851 

1857 

1874 
1  18S0 

53*  46' S, 

53    52  S. 

53  5"'  S. 

54  02  S. 

!   54  36  s. 

55  56  s. 

,     57    00  S. 

bridge  (see  Table  ; 

).  in  i; 

-80.  the  I 

was  incroasinc;' — at- 

tained  a  maximum  in  1850 — then  decreased,  and  coiuinues 
to  this  day,  the  chan«-e  l)cing  4*  43'  in  70  years,  or  4'  a  year. 

At  Acapulco  (Tal)le  (/)  tlic  chancre  has  been  4°  in  too  years, 


2'.4  a  year.    At  \\'a>hiiigion  i  ral)le  1  iV  in  the  Di])  was 

moving  toward  a  maximnni — readied  it  in  1866 — antl  ha5? 
ever  since  been  decreasing,  with  a  change  of  only  49'  in  28 
years,  or  i'./  a  year. 

Thus  it  will  be  seen  that  the  direction  of  motion,  the- 
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DIURNAL  FLUCTUATION  OF  THE  DIP  AND  HORIZONTAL  IN- 
TENSITY AT  THE  U.  S.  MAGNETIC  OBSERVATORY  (OLD 
SITE),  IN  WASHINGTON,  D.      FOR  THE  YEAR  184K). 


Table  17. 

Table  20. 

Meui  Hourly  Values  for  the  Year. 

Dip. 

1 

Horizrint.il  Intensiiy, 
CCf.S.  Unitft. 

I  A.M. 

71* 

04' 

04 

23 

3  " 

04 

31 

612 

4  " 

<^ 

«9 

641 

5 

04 

17 

651 

6  " 

04 

15 

Min. 

658  Max. 

7  *' 

04 

31 

644 

8  " 

04 

40 

587 

9  " 

05 

04 

511 

10 

05 

15 

Max. 

463 

II  " 

05 

13 

454  MtH. 

Noon 

OS 

00 

486 

I  P.M. 

04 

37 

55^ 

3  " 

04 

21 

(ji<< 

3 

04 

17 

646 

4 

04 

t% 

658  Max. 

5  " 

04 

19 

653 

6  " 

04 

24 

637 

7  " 

04 

28 

Max 

633 

8  " 

04 

27 

633  Afin. 

9  " 

04 

27 

624 

10 

04 

26 

626 

II  " 

04 

»5 

637 

Mi(lnit;ht 

04 

25 

0. igS624 

Mean  for  the  yearj 

71^ 

04' 

31 

r 

0.  t9&(K)4 

I 


amount  of  annual  change,  and  the  probable  completion  of  a 
cycle,  all  vary  with  locality. 

107.  The  Annual  and  Diurnal  Ciiaiiges  in  the  Dip.  — An 
annual  change*  which  a[)pears  in  the  mean  of  summer  being 
greater  than  that  of  winter,  has  also  been  found  by  obser-- 
vation. 

The  diurnal  change  in  the  Dip  at  Washington  for  1890  is 
given  in  Table  17,  illustrated  by  Fig.  165:  the  figures  oppo- 
site each  hour  represent  the  mean  of  observations  on  every 
day  of  the  year. 
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From  the  mean  of  three  such  years — 1889.  1890,  1891 — 
the  daily  movement  at  Washing-ton  was  as  follows:  at  6.00 
a.m.,  the  Dip  had  the  first  niininuim  of  the  day,  71**  04'  52"; 
then  it  increased  to  the  first  maximnni  at  10.45  a  i"..  71°  05' 
55";  then  decreased  to  the  second  minimum  at  3.45  p.m., 
71*04'  56";  and  finally  increased  to  tlie  second  maximum  at 
7.15  p.m.,  71°  05'  12".  whence  its  movement  was  continuous 
toward  a  similar  Huctuation  on  the  following  day:  the  range 
during  the  24  hours  was  t'  03".  And  with  some  inodihcation 
of  rani^e  and  hour,  and  allowance  for  disturbances  and  other 
peculiarities,  the  movement  at  Washington  is  typical  of  what 
occurs  at  every  place  and  at  all  seasons. 

The  dual  motion  in  Dip  and  Variation  could  hardly  keep 
a  uniform  pace,  or  always  bear  the  same  ratio  to  each  other, 
and  according  as  one  or  the  other  predominates,  so 'do  we 
find  its  impress  upon  the  contour  of  the  curve  representing  it. 

Indeed  it  must  be  remembered  that  the  movement  of  the 
needle  in  either  Dip  or  Variation  is  a  composite  one,  made  up 
of  the  secular,  the  annual,  the  diurnal,  and  the  disturbances — 
all  mutually  modifying  each  other,  and  that  one  or  the  other 
may  prevail  and  mask  or  break  up  some  of  the  others;  so 
that  with  varying  time,  place,  and  circumstance,  the  regular 
periodicity  of  the  foregoing  phenomena  must  not  always  be 
expected. 

Section  Four:  The  Inteosity. 

108.  Development  of  the  conception  of  the  Intensity. — 
By  Intoisifv  is  meant  the  strength  of  the  ioive  that  maintains 
a  magnetic  needle  in  the  direction  it  takes  when  suspended 
by  a  fiber  of  >ilk  attached  to  its  center  of  gravity.  It  is  called 
the  total  intciisifv  to  distini^uisli  it  from  the  two  componcius 
into  which  it  is  dividcd^ — the  h(^rizontal  and  the  vertical — act- 
ing respectively  in  these  planes. 

The  intensity  was  the  last  of  the  magnetic  elements  to 
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receive  attention  and  systematic  obsen'ation;  and  liccaiisc  of 
crude  experiments  made  over  a  moderate  extent  of  territory 
showini;  no  change  in  it,  the  intensity  was  at  tir^t  considered 
to  have  the  same  value  in  all  parts  of  the  luirth. 

But  Borda  reasoned  otherwise,  although  his  own  experi- 
nicnts  covering  an  area  that  embraced  Brest  and  Teneriffe, 
yielded  no  strong  evidence  to  change  the  prevailing  opinion. 

In  1785,  Captain  de  la  Perouse  of  the  French  Navy,  sailed 
from  Brest  with  two  frigates  on  a  voyage  of  exploration  and 
scientific  research. 

At  the  instance  of  Borda.  the  French  Academy  of  Sci- 
ences prepared  instructions  for  this  expedrtion  for  determin- 
ing by  systematic  observation  of  the  oscillations  of  a  vertical 
needle,  both  afloat  and  ashore,  the  intensity  of  the  £arth*s 
magnetism. 

Paul  de  Lamanon*  a  member  of  the  expedition,  carried  out 
the  instructions;  and,  as  appears  by  a  letter  from  him  read 
before  the  French  Academy  in  1787,  found  that  the  total  in- 
tensity was  less  in  the  tropics  than  toward  the  poles. 

The  two  ships  with  all  on  board  were  lost — ^when,  or 
where,  has  never  been  ascertained:  the  last  letters  from  Cap- 
tain de  la  Perouse  were  dated  in  1788  from  Botany  Bay.  To 
Borda  through  scientific  induction  and  to  Lamanon  through 
actual  observation  are  due  the  first  knowledge  of  the  varia- 
bility (  !  KuiL^neiic  intensity  with  locality:  but  to  Humboldt 
is  due  its  inc( trjioration  in  science  as  a  physical  law,  from  his 
extensive  experinieiUs  in  various  parts  of  the  world  from 
1798  to  1804. 

Hnnil)<»ldt  measured  the  total  intensitv,  and  his  method 
-was  to  estimate  it  in  the  number  of  oscillations  that  the  same 
needle  made  in  a  s])ecitic  time  at  different  places:  thus  at 
Paris  the  needle  made  245  oscillations  in  ten  minutes,  at 
Micuipampa  in  Peru.  211:  and  at  Lima.  210.  The  station 
near  Micuipampa  was  in  lat.  f  2'  S.  and  loni;.  7K'  48'  \V. 
from  Greenwich,  at  an  elevation  on  the  Andes,  and  where  his 
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iiccdlc  liad  no  dij) — on  tlie  niagnetic  equatur,  in  fact.  Pro- 
ceeding citlicr  north  or  south  from  this,  the  needle  dip])e(l 
in  opposite  directions  and  the  number  of  its  oscillations  in- 
creased: hence  he  concluded  that  tlie  line  of  least  intensity 
coincided  with  the  line  of  no  dip,  and  he  arbitrarily  assigned 
to  the  intensity  of  Micuii)anipa  the  value  umiy.  This  is  the 
origin  of  Ilumboldt  s  standard,  which,  however,  is  chiefly  of 
historic  interest  now.  as  it  and  all  other  relative  staiidards  are 
disappearing  in  favor  of  the  al)Solute  measure  in  dynes. 

It  has  l)ecn  shown  on  Chart  1.  and  e-\i)lainc(I  in  Art. 
94.  how  the  total  intensity  increases  from  Kquator  to  Pole, 
while  the  converse  is  true  of  the  horizontal  component  as 
shown  on  Chart  IV — that  it  decreases  in  proceeding  over  the 
same  ground,  that  is,  from  Equator  to  P  le 

Observations  subsequent  to  Humboldt's  have  proven 
that  the  line  of  no-dip  is  neither  a  line  of  least,  nor  of  equals 
intensity.  Both  the  hne  of  no-dip  and  that  of  least  intensity 
gird  the  globe  as  undulating  curves  in  equatorial  regions: 
throughout  the  circuit  of  the  former  a  freely  suspended 
needle  will  assume  a  horizontal  direction — on  the  tatter  the 
magnetic  force  has  everywhere  the  same  value;  each  line 
may  be  surrounded  by  a  system  of  psrallels  of  more  or  less 
regular  contour,  the  one  of  equal  dip»  the  other  of  equal  in- 
tensity»  both  increasing  in  value  as  we  proceed  toward  the 
Poles,  until  the  first  encloses  an  area  where  the  needle  stands 
vertical  and  the  second  a  region  of  greatest  inten<;ity. 

109.  The  Horizontal  Component  especially  important. — 
Where  the  values  of  the  lines  of  equal  total  intensity  are  re- 
solved into  two  components — horizontal  and  vertical — and 
the  former  are  delineated  npon  a  plane,  we  have  the  system 
of  lines  of  ecjua!  horizontal  intensity  gi\cn  mi  Chart  \\ .  This 
is  the  most  important  system,  because  it  repre>eni>  for  every 
part  of  the  Earth  the  value  of  the  force  that  gives  direction 
to  compass-needles,  as  well  as  the  factor  that  enters  into 
many  electrical  calculations.    Both  the  whole  value  of  the 
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horizontal  intensity  and  its  variability  with  time  and  place  are 
very  small  quantities,  aiul  can  be  determined  accurately  only 
Avith  the  most  delicate  instruments  and  every  refinement  of 
observation  and  correction. 

The  loss  of  magnetism  in  the  magnet  used  and  the  in- 
accuracies due  to  changes  of  temperature  are  the  most  fruit- 
ful  sources  of  error,  and  from  the  want  of  appreciation  of 
these  in  early  observations,  as  well  as  imperfection  of  instru- 
ments, the  older  records  of  intensity  are  far  less  trustworthy 
than  recent  ones.  Of  course  the  same  may  be  said  of  all 
physical  phenomena,  but  it  is  especially  true  of  magnetic  in- 
tensity; and  it  will  be  better  appreciated  when  it  is  stated 
that  a  dyne  itself  is  a  small  measure,  and  yet  the  daily  varxQ" 
Jfility  of  the  horizontal  intensity  occurs  only  in  the  fourth 
figure  of  the  decimal  fraction  of  a  dyne  that  represents  the 
horizontal  intensity. 

zio.  The  Tarious  changes  in  the  Intensity— all  small. — 
— In  Tables  i8  and  19  are  g^iven  the  horizontal  intensity  at 
Xcw  York  and  Washington  from  the  carhcst  epoclis  of  its 
observation  to  tlic  |)rosent  time:  the  jieriud  covered  is  not 
yet  lono-  cnouj;h  lo  infer  an\-  seiidar  chanjTfe.  or  w  he!  her  there 
is  a  cycle  of  recurrent  values;  and  the  same  is  true  of  all  other 

Table  18. 

secular  chakge  in  the  horizontal  intensity 

at  new  york. 


Year. 

Hnrisnntal 
Intcuiiy, 
in  G.CS.  Unitt. 

1 

\  Year. 

Horicontal 
Inteiwiiv. 
in  CG.S.  Uaitfl. 

1822 

0. 1836 

1855 

0.  i5i6 

«335 

0. 1832 

i860 

0. 1 868 

1830 

0. 1S50 

1872 

0. 1336 

iS4r 

0.1S54 

1885 

0. 1  S(j2 

1S42 

0.1858 

1S90 

0.1870 

1844 

0. 1848 

1895 

0.1894 

1846 

0.1848 

1 

1 

1 
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Table  19. 

secular  change  in  the  horizontal  intensity  at 

WASHINGTON,  D.  C. 


Year. 

Horizontal 
Intensity, 
C.G.S.  Uails. 

Tear. 

1 

Horiiontal 
Inirnsily. 
C.G.S.  Units. 

Year. 

Horizontal 
IntenMty, 
C.G.S.  Uoits. , 

1643 

0. 1990 

1868 

0. 1998 

1682 

0.30T2 

1843 

0. 1972 

1869 

0.2004 

1883 

0. 2016 

1844 

0.1986 

1870 

0.2007 

1884 

0.2022 

1845 

0.1953 

1871 

0.9008 

18S5 

0.9097 

1853 

0. 1967 

1872 

0.2010  1 

J  18S6 

0. 2030 

1855 

O.2OO0 

1S73 

0.2003  t 

'  1887 

0.2019 

1S56 

0.1986 

1874 

0.2005 

1SS8 

0.2006 

1S58 

0.1962 

1875 

0.2007  1 

I  1889 

0.2007 

1859 

0.1986 

1S76 

0.2009  1 

1  1890 

0.2006 

0. I99I 

1S77 

0  2015 

1 891 

0.2004 

1862 

0.1991 

1878 

0.2014 

1892 

0.200s 

18O3 

0. 1980 

1879 

0.9015 

1893 

0.9099 

1866 

0. 1983 

18S0 

0.2018 

189$ 

O.90SI 

1867 

0. 1992 

1881 

0.2020 

parts  of  the  Earth  where  the  intensity  has  been  observed. 
It  may  be  remarked,  however,  that  at  Washington  there  was 
a  general  upward  tendency  from  1845 'to  1886,  and  since  then 
a  vacillating  unsteadiness  about  a  mean  value. 

At  Xew  York,  no  regularity  whatever  is  discernible:  the 
figures  strike  indiscriminately  around  a  central  one. 

Thai  there  is  an  annual  tliictuation  of  the  \olal  intensity 
has  been  well  estal)li>hc(l  by  extended  and  careful  observa- 
tinns  at  three  vvidel\  separated  stations — ruronio,  Kew,  and 
the  C  ape  of  Good  Hope:  its  vahie  is  greatest  during  the  win- 
ter months,  and  lea.si  (UninL^  the  summer,  the  maxima  and 
minima  occurring  at  the  solstices. 

The  dmrnal  fluctuations  of  the  horizonUil  intensity  is  an- 
other well-established  fact:  Table  20,  illustrated  l)y  Kig.  166, 
shows  it  at  Washington  for  the  year  1890.  Tiie  record  was  a 
continuous  photographic  curve,  converted  into  absolute 
measure  (dynes)  by  direct  observation  with  a  magnetometer 
at  frequent  intervals:  the  value  opposite  each  hour  of  Table 
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20  represents  tlic  mean  of  observations  on  every  day  of  the 
year;  from  the  mean  of  three  such  years — 1889.  '90.  '91  — 
the  following  is  the  daily  tiuctuation  of  the  horizonial  intens- 
ity at  Washington:  at  i  a.m.  the  value  was  0.198640  dyne; 
then  it  increased  to  the  first  maximum,  0.198678,  at  6  a.m.; 
next  decreased  to  the  first  minimum,  0.198444,  at  10.45 
then  increased  to  the  second  maximum,  0.198675,  at  4  p.m.; 
and  finally  decreased  to  the  second  minimum,  0.198630,  at 
8  p.m.,  whence  it  increased  to  pass  through  a  similar  cycle  on 
the  following  day.  And  such  is  the  fluctuation  (with  varia- 
bility due  to  season,  locality,  and  disturbance)  in  all  parts  of 
the  world — frequently  masked  and  often  much  interrupted 
within  the  tropics,  but  fairly  periodic  in  temperate  zones. 

Disturbances — ^sudden  and  abnormal — ^break  in  upon  the 
intensity,  and  they,  too,  are  periodic. 
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CHAPTER  VIII. 

INSTRUMENTS  AND   MKTHODS  USED   FOR  DETERMIN- 
ING THE  MAGNETIC  ELEMENTS. 

Section  One :  To  Detennine  the  Variation  at  Sea  and  on  Shore. 

III.  The  Variation  frmn  swin^ng  ship. — At  sea,  the 
Variation  can  l)e  best  determined  by  time-azimuths  of  the 
Sun.  observed  with  an  azimuth  circle  and  stanrlard  compass, 
while  steamingf  successively  on  thirty-two  equidistant  points. 
Form  [  I  ] .  supplied  to  the  Naval  Service^  was  devised  to  fa- 
cilitate the  computation. 

Favorable  conditions  should  be  chosen  for  the  work — ^a 
smooth  sea,  little  wind,  and  a  clear  Sun;  and  the  observations 
should  be  commenced  at  the  lowest  altitude  that  will  allow 
completing  the  series  before  sunset,  or  if  in  the  morning,  as 
soon  after  sunrise  as  practicable. 

Firsts  make  two  rapid  and  complete  circles~-one  with 
each  helm — to  shake  out  any  temporary  magnetism  that  may 
have  lodged  in  the  sfhip  while  lying  or  steering  in  one  direc- 
tion for  some  time  previous  to  the  operation. 

During  the  observations,  the  change  of  course  should  be 
made  slowly,  with  a  rest  of  about  four  minutes  on  each  point, 
the  observation  to  be  taken  toward  the  end  of  each  period, 
when  the  magnetic  action  has  had  time  to  produce  its  effect. 

The  Sun's  bearing  by  compass  should  be  closely  watched 
while  the  ship  is  steady  on  each  point,  so  thai  ilie  observer 
may  be  will  satisfied  of  its  actual  Itcaring  when  he  gives  the 
word  "  mark!  "  to  the  assistant  nuting  time. 
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Should  circumstances  endanger  getting  observations  on 
thirty-two  points,  then  observe  on  sixteen,  or  eight,  with  full 
time  on  each. 

Form  [I]  is  so  complete  for  the  purpose  tliat  it  is  super- 
fluous to  treat  the  subject  more  at  length. 

An  analysis  of  the  resulting  Deviations  in  column  9  of 
the  Form,  gives  the  "  constant  A  " — ^to  be  subtracted  from 
the  Variation  obtained  in  column  8;  and  the  remaining  value 
is  then  probably  the  most  reliable  Variation  that  can  be  had 
from  observations  at  sea. 

Z12.  Tbe  Variation  from  obsemtiona  aahore  with  Com- 
pass and  Arimuth  Circle. — Both  the  U.  S.  Navy  Compass 
and  the  Azimuth  Circle  are  in  reaHty  very  accurate  instni- 
iiients.  and  althougfh  not  of  the  refinement  of  the  unifilar 
mai;iKt(>nieter,  still  such  close  approximation  to  exact  work 
i.s  aitainable  with  them,  that  no  opportunity  to  do  it  should 
be  omitted. 

Till'  compa'^s.  circle,  tripod,  and  hack  chronometer  are 
to  1)0-  taken  a>hore  and  a  spot  found  wliere  no  distnrhini:^ 
matter  iies  hidtlen:  this  may  be  ascertained  by  two  sets  of 
reciprocal  bearini»^s  (ui  lines  at  rii^ht  angles  to  each  otlicr,  the 
compass  and  a  staff  l)einL:  ^et  up  successively  at  the  ends  o' 
each  line,  not  more  than  a  hundred  feet  apart.  If  the  direct 
and  reverse  bearings  differ  by  180**,  the  spot  may  be  consid- 
ered desirable;  otherwise  not. 

In  such  a  spot  take  two  series  of  time  azimuths— one  in 
the  carl)  iv  rning  and  the  other  late  in  the  afternoon  when 
the  Sun  has  about  the  same  altitude — ^and  the  mean  Variation 
from  both  sets  should  be  very  accurate. 

2x3.  The  Gambey  Variation  lIagiiet.~This  instrument 
is  used  on  shore:  it  consists  essentially  of  a  magnet  suspended 
horizontally  by  a  fiber  of  silk,  a  graduated  circle,  and  a  tele- 
scope which  may  be  arranged  for  observing  either  the  mag- 
net or  a  celestial  body. 

In  Fig.  167,  the  magnet — a  thin  bar — Changs  in  the  box 
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//  by  a  fiber  pendant, within  a  g^lass  tube,  from  a  torsion  circle; 
each  end  of  the  magnet  is  fitted  with  cross-wires,  shown  apart 
at  A ;  they  may  be  observed  through  openings  at  M. 

The  telescope  T  has  motion  in  a  vertical  plane;  it  is  made 
for  observation  either  of  a  distant  object  or  one  dose-to,  by 
combining  two  lenses  of  different  aperture  and  focal  length, 
and  employing  shades  for  excluding  the  rays  that  would 
otherwise  fall  on  the  lens  in  use  at  the  time.  A  second  tele- 


Fio.  167, 


scope  L  is  attached  to  the  circle  C  and  is  kept  pointed  to  a 
distant  mark  while  observing  with  7".  The  middle  part  of  the 
magnet  is  surrounded  by  a  copjKT  tube  so  that  the  magnet 
may  be  turned  round  its  own  axis  in  this  as  a  stirrup,  doors 
being  provided  in  the  box  to  admit  the  hand  for  this  purpose. 
The  box  is  removable  in  halves  so  that  the  magnet  may  be 
replaced  by  a  copper  weight  to  allow  the  fiber  to  undo  any 
twist  in  it.  Two  verniers  with  tangent  screws  are  fitted  to  the 
circle  C.   At  F  there  is  a  riding  level. 

The  box,  vernier-arm,  and  pillars  supporting  the  tele- 
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scope  T — all  move  in  one,  on  a  plate,  round  the  central  stem 
P  of  the  instrument. 

The  adjitstmctits  are:  ist,  leveling^  the  horizontal  cir- 
cle; 2d,  determining  the  collimation  error  of  the  telescope; 
to  do  this,  it  is  arranged  for  observing  a  near  object— a 
line  of  the  circle — and  this  is  observed  with  the  telescope 
direct  and  reversed  on  its  Y's;  3d,  ascertaining  whether  the 
line  of  collimation  passes  through  the  vertical  axis  of  the 
system,  by  pointing  the  telescope  at  any.  line  of  the  circle, 
and  then  revolving  it  in  a  vertical  plane  round  the  horizontal 
axle  so  as  to  observe  the  reading  on  the  opposite  half  of  the 
circle;  both  readings  should  differ  by  180";  if  not,  the  tele- 
scope  must  be  shifted  laterally  by  means  of  a  screw  for  that 
purpose;  the  line  of  collimation  is  the  axis  of  the  telescope, 
passing  through  the  center  of  the  object  glass  and  the  center 
of  the  cross-wires  iji  tlie  focus;  4ih.  freeing  the  fiber  of  twist 
by  hanging  the  c<)pi)er  weight  from  it  for  some  time  while 
the  box  is  turned  in  the  magnetic  meridian. 

To  make  the  obsctrat ions :  iWrtci  both  lelcsctipes  T  and  L 
upon  a  distant  marlv,  and  read  the  verniers:  reverse  the  tele- 
scope T  in  its  Y's  and  repeat  this;  take  the  mean  of  all  read- 
ings. Leave  L  set  upon  the  mark,  and  turn  T  toward  the 
Sun;  clamp  all  parts;  note  by  chronometer  the  time  of  transit 
of  each  limb  of  the  Sun  across  the  central  wircof  T,  and  read 
the  verniers:  this  affords  data  for  finding  the  reading  of  the 
true  meridian  on  the  horizontal  circle — see  Art.  139,  where 
the  problem  is  explained.  Leaving  L  still  set  upon  the  mark, 
turn  the  system  carrying  T  until  this  telescope  (now  ar- 
ranged for  observing  a  near  object)  is  in  the  magnetic  me- 
ridian, and  direct  it  to  the  nortli-end  of  the  magnet;  when  the 
cros5*wires  of  both  telescope  and  magnet  coincide,  read  the 
verniers  and  note  the  time;  reverse  the  telescope  in  the  Y*s 
and  repeat  this;  take  the  mean  of  the  readings.  Direct  the 
telescope  to  the  south-end  of  the  magnet  and  make  a  similar 
series  of  observations.  Now  turn  the  magnet  round  its  own 
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axis  until  the  uiuler  side  iiecomes  the  top,  and  repeat  the 
precc(Hng  observations  on  each  end  of  the  magnet.  The 
mean  of  the  four  sets  of  readings  will  give  the  VariatiMn  when 
compared  with  the  reading  of  the  circle  corresponding  to  the 
true  meridian;  and  to  be  sure  that  the  circle  has  not  moved 
during;  the  observations,  the  telescope  T  should  be  finally 
directed  to  the  distant  object,  and  the  reading  of  the  verniers 
compared  with  what  it  was  at  first.  About  lO  a.m.  is  the 
best  time  to  make  an  observation,  as  the  magnet  theli  occu- 
pies more  nearly  its  mean  position  for  the  day. 


Section  Two :  To  Detennine  the  Dip  and  Total  Intensity  with 

BaiTow*8  Cirde  on  Shore. 

1Z4.  The  instmiiieiit  described. —  Fig.  168  represents  it, 
arranged  for  Dip.  It  consists  of  a  wootlen  box  j?,  with  a 
ground-glass  back — ^hinged,  so  as  to  open>  and  a  clear  pane  of 
glass  in  front — ^immovable;  facing  this,  two  pillars  P  support 
a  fixed  vertical  circle  C;  against  this,  cross-arms  A  turn  on 
the  horizonial  axis  //.  carrying  the  tangent  screw  7\  verniers 
\'.  lenses  for  reading  tlu-iii.  aii<l  microscopes  M.  with 
cruss-w irc.^  in  focus  of  eacli.  hn  ohscrving  the  en(l>  of  the 
dipping-needle:  R  is  a  level  lixcd  on  the  box:  this  whole  sys- 
tem revolves,  in  one,  round  the  veriical  stem  l)  \  to  this  stem 
are  firmly  aitaehe<l  the  fo<>t-screw«=  F  nnd  tlie  horizontal  cir- 
cle A'.  providc<l  with  \  ei  iiier  ;ni(l  clam]>lnot  \  isible),  W'ithin 
the  box  /?  there  is  a  iKedie  ns,  liaving  an  axle  tlirtjugh  its 
ceiUer  of  gravity,  which  rests  on  two  agate  knife-edges:  Q 
is  a  screw,  which,  turned  forward,  causes  two  forks  to  rise 
under  the  axle  and  lift  the  needle  fron>  its  agate  rails;  re- 
versed, it  lets  the  axle  clown  again  and  centers  it  in  the  cir- 
cle C. 

The  needle  has  free  motion  in  the  vertical  plane  only^  and 
when  this  plane  coincides  with  the  magnetic  meridian,  the 
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needle  points  in  the  direction  of  the  total  intensity  at  the 
angle  of  the  Dip^ 


Fio.  16A. 


Z15.  Formulas  for  determiiiiiig  the  IHp. — Consider  Fig. 
169  as  representing  the  needle  ns  on  its  agate  supports  in  the 
vertical  plane  of  the  magnetic  meridian;  let  OB  =  T,  repre- 
sent the  direction  and  amount  of  the  Total  Intensity;  then 
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OCBy  being  the  horizontal  plane,  the  components  of  T  in 
this  and  in  llie  vertical  plane  respectively,  are  OB=-H,  and 
BE  =  Z  ',  BOB  =  D,  is  the  Dip. 


Fio.  169. 


The  vertical  component  Z  is  the  same  in  every  azimuth, 
that  is.  BE  =  CF-OA  =  Z. 
Then  by  Trig. 

* 

Z 

sin  D  =  .jz,  Z  T .  sin  .  .  .  (l) 
cos2>=: -^t        H=iT»cosD,   ...  (2) 

cot/?=  ^.  .  (3) 

Now  let  tlic  lx>x  containiner  the  tKcdlc  he  turned  round 
its  vertical  axis  1)y  any  amount,  say  tlie  angle  IH.)C  ~  x,  until 
the  needle  lakes  the  direction  in  n  new  (hp,  then  the 
trace  of  this  direction  on  the  liorizontal  plane  will  be  OC. 
Resolving^  H  (=  OB)  into  this  trace  and  perpendicular  to  it, 
we  have  OC  and  CB,  latter  equal  to  Oy;  or  by  trigonometry. 
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COS  X 

sin  X 

^  ^  ^  w^i     OC     If,  cos  X 

cot  COF=^  cot  D'  =i-^z=i  — -2 — »    •    •    •  (6) 

from  (4).  and  since  —  Z;  then  by  means  of  (j),  equation 
(6)  becomes 

cot  ly  =  cot  2> « cos  X  (7) 

The  component  Qy  being  perpendicular  to  the  vertical 
plane  through  the  needle,  is  parallel  to  its  axle — tending  to 
slide  it  laterally  on  the  agate  bearings,  and  hence  is  neutral- 
ized; only  OC,  or  /f,  cos  jr,  see  eq.  (4),  has  any  effect  in  giving 
motion  to  the  needle  toward  the  horizontal  plane;  it  has  a 
maximum  value  when  the  needle  is  in  the  vertical  plane  of 
the  magnetic  meridian,  and  steadily  decreases  as  the  needle 
departs  from  that  plane  until  it  arrives  in  one  perpendicular 
to  the  meridian,  when  the  value  becomes  zero;  with  this  mo- 
tion  of  the  needle  in  azimuth  corresponds  an  increase  in  the 
Dip  until  the  needle  stands  vertical  at  the  instant  the  plane 
through  it  makes  an  angle  of  90**  with  the  meridian:  this, 
moreover,  is  evident,  since  no  part  of  the  horizontal  com- 
ponent then  remains  to  pull  the  needle  out  of  the  vertical. 

By  reference  to  the  trigonometrical  formul.c  in  Part 
Sixth,  it  will  be  seen  that  these  facts  are  deduciblc  from  equa- 
tion (7)  .  .  .  cot  D'  —  cot  D  .  cox  .1':  for  if  x  -  o,  then  cos  o* 
=  I,  and  cot  //  ~  cot  77,  whence  D'  ~  D,  or  the  needle  indi- 
cates the  natural  Dip  of  the  place;  and  if  .1  =  ()()%  then  cos 
90"  =  o,  and  cot  D' ~  o,  whence  =  90°,  or  the  needle 
stands  vertical. 

Now  let  the  needle  be  turned  snccc^^sively  in  azinuuh  to 
any  two  positions  such  that  the  vertical  planes  through  them 


OC  OC 

=  /)A>  '        OC^  H.  COS  X,  .  (4) 


OB  ~  H 
CB 

OB  ~  // 


CB       CB  ,r 
=  75e-=-z7»    ,\  CB  =^  H .  sin  Xy   .  (5) 
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make  wilh  cacJi  other  an  angle  of  90**:  this  is  reprcscmed  in 
Fig.  170,  where  OB  is  the  magnetic  meridian,  and  OC  and 


OC  are  the  traces  on  the  horizontal  plane  of  the  vertical 
platies  through  the  two  positions  of  the  needle.  COC  =  90' ; 
BOC  =  x  ;  BOC  =  90'  — x. 

Let  D'  be  the  Dip  in  position  OC,  and  ZT'  in  OC:  then  by 
cq.  (7)  for  the  two  positions,  we  have 

cot  ly  s=  cot  D,  cos  X,   (7) 

cot  V  —  co:  /) .  cos  (90*  —  a)  =  cot     .  sin  ^.  .  (8) 

Squaring  (7)  and  (8)  and  adding  them,  we  have 

cot»  D'  H-  cot*  2?"  =  cot'  Z?(cos»  ;r  +  sin"  x)  =  cot»  i?,  .  (9) 

which,  since  f)  is  the  Dip  in  the  meridian,  or  that  j^roper  to 
the  liKah'ty,  affords  a  means  of  determining^  it  from  dhscrva- 
tions  of  the  Dip  D'  and  P"  in  fl;/v  two  azimuths  out  of  the 
magnetic  meridian,  provided  they  form  a  right  angle  with 
each  other. 

116.  Means  of  correcting  errors  due  to  defects  of  the 
instrument. — However  carefully  a  dip  circle  may  he  made, 
still  it  is  liable  to  have  certain  small  defects;  the  mode  of  cor> 


Fio.  17a 
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reeling  errors  due  to  these,  as  well  as  the  essentials  of  a  per- 
Uci  instrument,  will  now  be  stated,  reference  being  made  to 
Fig.  168;  by  face  "  of  the  instrument  is  meant  the  gradu- 
ated surface  of  the  circle  C. 

ut.  The  zero-line  (o**)  of  the  vertical  circle  C  should  be 
horizontal:  if  not,  two  observations — ^first  with  face  east  and 
then  west— will  afford  readings  whose  mean  will  be  free  from 
this  error.  (In  Fig.  168  the  o*^  is  erroneously  placed.) 

zd.  The  axle  of  the  needle  should  be  in  the  center  of  the 
circle  C  and  the  screw  Q  for  raising  and  lowering  it,  centers 
it  by  this  action;  but  if  not,  the  mean  of  the  readings  of  both 
ends  of  the  needle  will  correct  for  any  eccentricity. 

The  magnetic  axis  should  coincide  with  the  axis  of 
figure  of  the  needle:  if  it  does  not,  take  the  mean  of  two 
readings — one  with  the  marked  side  of  the  needle  toward  the 
observer  and  the  other  with  the  /j/imarked  side  toward  him, 
havini;  luriu'd  ilie  needle  over.  Four  needlo  arc  furnished, 
each  mmihcrcd  and  pules  marked  on  une  lace,  for  conven- 
iently referring  to  them. 

4lh,  The  upper  surface  of  the  agate  rails  siiould  be  hori- 
zontal:  if  not.  the  needle  \\\\\  tctid  to  roll  down  tlieni.  and  the 
error  tlius  induced,  will  be  eliminated  by  taking  the  mean  of 
two  ohservations,  with  the  face  of  the  instrument  tirst  cast 
and  then  west. 

5//l  The  axle  siiould  pierce  the  exact  center  of  gravity 
of  the  needle:  otherwise,  the  preponderating  weight  of  steel 
will  assist  or  oppose  magnetic  attraction  according  to  the 
side  of  the  axle  on  which  it  exists,  and  an  observation  would 
be  due  to  gravity  and  magnetism  combined,*  rather  than  to 
the  latter  alone.  To  eliminate  the  error,  the  poles  of  the 
needle  must  be  reversed  by  magnetizing  it  with  steel  bars 
provided  for  that  purpose:  then  it  is  evident  that  if  greater 
weight  were  in  the  upper  half  of  the  needle  before  reversal,  it 
will  be  in  the  lower  half  after;  in  the  former  case  it  opposes 
magnetic  attraction  and  in  the  latter  aids  it  to  the  same  ex- 
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tent,  so  that  the  mean  of  two  readings,  with  poles  direct  and 
reversed,  will  give  the  correct  value. 

1x7.  To  rmrse  the  magnetism  of  the  needier — ^Place  it 
flat  on  the  block  supplied  for  that  purpose,  north  end  to  the 
operator's  right  and  marked  face  uppermost,  and  secure  it 
with  the  l)rass  clasp.  Take  a  bar  in  each  hand — ^that  in  the 
righi  V. nil  Its  north  pole  downward  and  that  in  the  left  with 
its  south  pole  downward — and  l)rini4  'joth  lower  poles  close 
to  the  axle,  inclinin<^'^  the  bars  at  an  an^le  of  about  80"  with 
the  needle.  Usually,  there  are  ledges  on  the  block  for  "guid- 
ing the  bars  parallel  to  the  geometrical  axis  of  the  needle, 
and  the  needle  is  sln^inly  sunk  below  the  surface  of  tlic  IjUh  k. 
to  prevent  contact  of  the  bars  with  it  in  rubbing,  which  nns^ln 
injure  it:  draw  both  !)ars  slowly  and  steadily  outward  to  the 
ends  of  the  needle  and  beyond  them  a  few  inches — raise  them 
a  foot  above  the  block — bring  them  back  to  the  axle,  and 
draw  them  out  again.  Do  this  ten  times.  Then  turn  the 
needle  over  so  as  to  have  its  unnr  rked  side  uppermost,  and 
make  ten  passes  with  the  bars  as  before.  The  ends  that  were 
at  first  north  and  south  poles,  are  now  south  and  north  poles 
respectively.  A  weak  needle  will  indicate  the  same  Dip  thai 
a  strong  one  will;  but  to  overcome  friction  of  the  axle  and 
bearings,  as  well  as  small  impediments  of  dust,  the  needle 
should  be  strong  rather  than  weak.  When  not  in  use,  the 
bars  should  be  placed  side  by  side,  unlike  potes  together,  and 
well  distant  from  the  instrument  while  observing. 

118.  To  find  the  leading  of  the  magnetic  meridian  on  the 
horizontal  circle.— The  instrument  must  first  be  levelled: 
for  this,  turn  the  system  carrying  the  level  E  so  that  the  latter 
shall  come  successively  over  two  foot-screws  and  work  these 
until  the  bubble  remains  in  the  middle  in  every  azimuth. 
Turn  the  system  to  face  south:  now  move  the  cross-arms  A 
until  the  microscopes  M  are  nearly  vertical,  when  clamj) 
them;  set  upper  vernier  of  arm  on  90*  by  tangent  screw  T\ 
turn  system  containing  needle  until  upper  end  of  needle  ap- 
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proaches  wire  of  microscoj^e.  w  hen  clamp  system  lu  circle  K\ 
center  needle  by  means  of  screw  Q\  complete  exact  coinci- 
dence of  wire  and  needle-point  by  tangent  screw  of  circle  A", 
and  then  read  and  record  the  verniers  of  this  circle:  set  lower 
vernier  on  90",  bring  about  exact  coincidence  of  lower  wire 
and  needle-point  by  tangent  screw  on  circle  A',  and  then  read 
and  record  the  verniers  of  this  circle  as  before.  Turn  the 
system  to>face  north,  and  repeat  the  foregoing  observations. 
The  mean  of  all  the  readings  will  be  that  of  a  line  at  right 
angles  to  the  magnetic  meridian;  whence,  by  applying  90*^  to 
that  mean,  a  reading  is  obtained  to  which  the  verniers  on  the 
horizontal  circle  must  be  set  and  clamped  (by  turning  the 
moveable  system)  in  order  that  the  needle  shall  have  free  mo- 
tion in  the  vertical  plane  of  the  magnetic  meridian. 

1x9.  Procedvze  of  observing  the  Dip.— This  is  implied  in 
the  enumeration  of  instrumental  defects  and  the  means  of 
eliminating  errors  due  to  them;  but  to  be  explicit,  the  pro- 
cedure will  be  stated  here  in  connection  with  Table  21 :  in  this, 
the  numbers  denote  the  order  of  sequence  of  the  observation. 

Table  21. 


Poles  Direct.  INji.ks  Kevkksku. 

 I  


laitnineiit. 

Marked  Side  of 
Needle  Toward 
Obaerver. 

{/wmarlMd  Side 
tf  Needle  Tow- 
ard Obeervcr. 

Marked  Side  of 
Needle  Toward 
Obierver. 

(/•ourked  Side 
of  Needle  Tow- 
ard Obiervcr. 

Lower 
End. 

Upper 
End. 

Lower 
Bod. 

Upper 
End. 

Lower 
End, 

Upper 
End. 

I^wer 
End. 

(I) 

(4) 

(0 

<4) 

(2) 

(3) 

• 

(2) 

(^) 

(7) 
(6) 

(7) 
(6) 

(3) 

(5) 

(5) 

with  the  corresponding  conditions  of  instrument  and  needle 
at  the  side  and  top. 

Generally,  three  readings  for  each  end  of  the  needle  will 
suffice,  the  screw  Q  being  turned  to  center  the  needle  be- 
tween every  two:  the  cross-wires  of  both  microscopes  M  are 
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to  be  successively  brought  into  coincidence  with  the  points  of 
the  needle  by  the  tang^ent  screw  7,  and  the  corresponding 
vernier  \  '  read  by  the  lens  L. 

When  the  instrument  is  levelled  and  reading  of  niagneiic 
meridian  determined,  proceed  as  follows:  With  face  east, 
poles  direct,  and  marked  side  of  needle  toward  observer,  take 
readinpfs  (i),  (0,  Table  2i;  then  turn  the  needle  o\er  on  its 
sujjports  with  the  unmarked  side  toward  the  observer  and 
take  reridiui^s  ( j),  (2);  next  revolve  the  system  containini;:  the 
needle  180''  in  azimuth,  or  face  west,  and  with  tlie  unmarked 
side  of  the  needle  still  toward  the  observer,  take  readings  (3), 
(3);  again  turn  the  needle  so  as  to  present  the  marked  side  to 
the  observer  and  take  readings  (4).  (4):  now  place  the  needle 
on  the  wooden  block  and  reverse  its  poles;  return  it  to  the 
supports  with  marked  side  toward  the  observer  and  take 
readings  (5),  (5);  turn  it  with  unmarked  side  to  the  observer 
and  take  readings  (6),  (6);  revolve  system  180**  in  azimuth, 
or  face  east,  and  with  unmarked  side  of  needle  still  toward 
observer,  take  readings  (7),  (7);  finally,  turn  needle  with 
marked  side  toward  observer  and  take  readings  (8),  (8),  The 
mean  of  all  the  readings  will  be  the  Dip  of  the  place  free  from 
instrumental  errors. 

130,  To  determme  the  Total  InteiiBity. — The  circle  is 
to  be  arranged  for  this,  as  in  Fig.  171.  Four  needles  in  all 
are  supplied — No.  i  or  2  for  observing  the  Dip,  and  their 
poles  may  be  varied  in  strength  or  reversed  at  will  without 
aflfecting  the  result;  while  3  and  4  are  for  determining  the  In- 
tensity, and  their  magnetism  should  never  be  disturbed  by 
increase,  diminution,  or  reversal.  All  the  needles  are  ahke 
in  form,  but  No.  4  li.is  three  small  holes  near  each  end  along 
its  axis  of  figure;  a  small  piece  of  platinum  is  sujjplicd  for  in- 
sertion in  any  one  of  these,  and  when  it>  weight  is  accuratelv 
known  and  the  exact  tlistance  from  the  center  of  the  hole  to 
the  center  of  the  axle  is  measured,  these  data  afford  the  means 
of  calculating  the  eftect  of  gravity  on  the  weight — ^its  mo- 
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ment — when  the  needle  turns.  The  weight  is  always  so 
placed  that  it  opposes  terrestrial  magnetic  attraction— -on  the 
upper  end  of  the  needle. 


Fig.  171. 


X2I.  The  principle  involyed  in  determining  the  Intensity. 

— It  may  be  stated  thus:  needle  Xo.  3  is  placed  on  the 
agate  rails  and  the  box  turned  until  the  needle  is  free  to  move 
in  the  vertical  plane  of  the  magnetic  meridian,  when  it  settles 
into  the  line  of  Dip;  No.  4  is  placed  on  the  cross-arms  as 
shown  in  Fig.  171,  and  these  are  successively  turned  into  two 
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Specific  positions,  causing  in  each  a  deflection  of  No.  3  from 
the  natural  line  of  Dip.  This  deflection  is  a  position  of  equi- 
librium between  the  magnetic  intensity  of  the  Earth  and  that 
of  No.  4:  it  estabUshes  a  ratio  between  these  two  intensities. 
No.  3  is  now  removed  from  the  instrument  and  well  away 
from  it,  and  No.  4  is  placed  on  the  agate  rails;  but  it  does  not 
settle  into  the  line  of  natural  dip  because  of  the  weight  in  its 
upper  end;  the  angle  of  deflection  from  the  Dip  D  is  there- 
fore the  ratio  of  the  magnetic  intensity  of  No.  4  to  the  mo- 
ment of  the  weight.  This  ratio  combined  with  the  preceding 
gives  the  value  of  the  Earth's  magnetic  intensity,  as  will  more 
clearly  appear  when  put  in  the  following  form  of  equations: 

First  part  of  observation : 

Earth's  magnetic  intensity  ^  ^  fknown^ 
magnetic  intensity  of  No.  4  ^  ' 

Second  part  of  observation  : 

magnetic  intensity  of  No.  4  , 

 r — J  .  .     -      =  h.  (known). 

moment  of  weight  ^  ^ 

Whence,  multiplying  these,  member  l)y  member,  and  can- 
celling the  term  "  Magnetic  Intensity  of  Xo.  4  '  common  to 
numerator  and  denominator,  we  have 

•    Earth's  magnetic  intensity 

  ^  1-  =:  A  X  B 

moment  of  weight  ' 

\\  licnce  Earth's  Magnetic  Intensity  =  i  —  A  X  B  X  Mo- 
ment of  \\\'ii;ht  fall  known). 

A  nia.<;netic  needle  has  two  foci  of  strength — the  poles — 
both  equal — one  near  each  end:  let  wi  represent  the  strength 
of  one  pole  and  /  the  length  of  the  needle;  then  the  product 
m.l.  denoted  by  is  defined  as  the  magnetic  moment  of  the 
needle. 

122.  Formulae  upon  whicli  the  determlnatioa  of  the 
Intensity  is  based. — Fig.  172  shows  needle  No.  4  on  the 
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agate  rails  in  equilibrium  between  the  nctincf  forces — tlie 
weight  \V y  the  magtietic  moment  M  of  the  needle,  and  the 
magnetic  intcn>ity  T  uf  the  F.arth.  Let  OW  =  r:  then  hy  the 
figure,  BOE  =  D\  BON  =  POW  =  0;  OP  =  OW .  cosPOlV 
=  r .  cos  0;  and  NOE  =  B0£  —  BON  =  £>— 0;  the  needle 
is  deflected  from  the  natural  line  of  the  Dip  OE  by  the  amount 
of  the  angle  NOE  =  D  —  0. 


Ftc.  17«. 


Rcsolvini^  the  furces  horizontally  and  vertically,  and  tak- 
ing their  niomeius  round  the  center  of  rotation,  we  have  for 
the  moment  of  weight  ~  W  .  OP  =  IV  .  r .  cos  0,  acting  ver- 
tically downward.  In  regard  to  the  magnetic  force,  it  must 
be  understood  that  the  action  between  the  Earth  and  the 
needle  is  one  of  mutual  attraction  at  the  lower  end  of  the 
latter,  and  eqnal  mutual  repulsion  at  the  upper  end.  and  that 
it  is  appropriately  represented  by  the  product  of  both  inten- 
sities, each  with  its  proper  sign;  that  is,  considering  the  field 
of  the  Earth  minus  ( — ),  the  lower  pole  of  the  needle  must  be 
plus  (+)  and  the  upper  minus  ( — and  we  should  have  for 
the  former  ( —  T)  (+m)  =  —  m  .  T,  and  for  the  latter  ( —  T) 
( —  m)  =  +  m .  T.   In  the  other  magnetic  hemisphere,  the 
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field  would  necessarily  be  plus,  the  lower  end  o(  the  needle 
minus  and  the  upper  plus:  all  this,  however,  to  make  clear  the 
existing^  conditions. 

The  force  m  .  T  at  each  end  of  the  needle  may  he  repre- 
sented in  direction  and  amount  by  Nk  and  Sk'  as  in  Fig.  172, 
or  by  two  pairs  of  components,  Na  and  Sa\  each  equal  to 
iii.H,  acting  horizontally,  and  AV  aiid  Sc\  each  equal  to 
in  .  Z,  acting  vertically:  the  arm  of  the  horizontal  pair  bemg 
XR  J-  SB',  and  of  the  vertical  pair  BB';  in  fact,  these  consti- 
tute two  couples  tending  to  motion  in  opposite  directions. 
The  moment  of  a  couple  is  the  product  of  one  of  the  forces 
into  the  arnij^hen^e  the  magnetic  moments  of  these  couples 
are  wi .  H  {NB  -f  SB')  and  m .  Z  .  BB',  the  former  conspiring 
with  the  weight  to  rotate  the  needle  into  a  horizontal  position 
and  the  latter  tending  to  turn  it  vertically;  When  they  and  the 
moment  of  the  weight  balance,  we  have» 

m  .  JI^NB  SB')  IV.  r  .  cos  </)  =^  m  .  Z .  Bir  \  .  (10) 
or,  transposing 

m. Z.BB'  -m.H(NB+SF)=  W.r. cos^^.  .  (11) 

Let  OA'  =  05  =  A  /. 

From  Fig.  172,  by  Trig. 


cos  BON  =r  0B=  ON.  cos  BON:=      cos  0, 

and     BB'  -  2  OB, 

Hence  BB'  =  /.  cos  0,  (12) 

and  similarly,        NB-\-SB'  :=  /.  sin  0  (13) 

Substituting  in  (11)  the  values  of  (i),  (2),  (12),  and  (13), 
and  remembering  that  w  .  /  =  M,  Art.  121,  we  have 

M,  r.sin  Z>cos  0  —  M,      cos sin  0  =  lV,r,cQ&  0,  (14) 

or    J/.  T.  (sin  D  cos  <P  —  cos  D  sin  0)  =  W ,  r .  cos  0.  (13) 
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This  by  Trig.  (Chauvenet,  p.  21)  becomes 

JIf .  r.  sin  (i>  -  0)  =  fK,  r .  cos  0,    .    .  (i6) 

whence 

„  ^      W.  r .  cos  0  _  ,  . 

jif.  r=:  ^  „   (17) 

sin  (Z^  —  0)  ^  " 

Jf^  anfl  r  are  determined  by  weighing  and  measuring,  and  D 
and  0  are  observed,  arrd  thus  the  product  M  .  T  of  tlie  mag- 
netic moment  of  the  needle  and  the  Earth's  total  intensity  be- 
comes known. 

As  the  \veic:ht  of  depends  on  the  force  of  gravity, 
which  varies  with  the  latitude,  a  correction  for  this  will  !>e 
necessaiy:  let  II"  =  the  weight  at  Lat.  45",  then  the  weight 
at  any  other  latitude  L  will  be  II'  —  J  I"  (i  — It .  cos  2  L),  h 
being  a  constant  =  0.002588.  This  is  explained  in  Part 
Sixth. 

The  next  step  is  to  determine  the  ratio  of  M  to  T,  for  com- 
bination with  their  product,  in  order  to  eliminate  M  and  get 
the  value  of  T.  Needle  No.  4  is  removed  from  the  agate  rails 
and  No.  3  substituted;  the  former  is  fixed  on  the  cross-arm 
and  deflects  the  lattery  wheri  equilibrium  results,  it  is  between 
the  magnetic  intensity  of  the  Earth  and  that  of  No.  4.  Let 
AT  denote  the  magnetic  moment  of  No.  3,  and  ^  its  angle  of 
deflection;  these  quantities  are  analogous  to  M  and  0  already 
used,  and  the  conditions  and  investigation  are  the  same  as 
with  No.  4  on  the  rails — ^the  interaction  of  Earth  and  needle 
are  similar  in  both  cases,  while  the  deflecting  mechanical  mo- 
ment of  the  weight  in  the  first  case  is  replaced  by  the  deflect- 
ing magnetic  moment  of  No.  4  in  the  second  case.  There- 
fore the  relation  between  the  Earth  and  No.  3  may  at  once 
be  written  from  the  first  member  of  equation  (15),  or  its 
reduced  form  (16),  that  is.  M' .  T  sin  (D  —  0'):  this  is  bal- 
anced by  the  cumhinecl  magnetic  nionient  of  Nos.  3  and  4, 
which  is  equal  to  the  product  of  the  moments  of  the  two 
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needles  and  a  certain  other  quantity,  which  call  F\  that  is^ 
JIf  .M'.F. 

This  quantity  F  is  a  function  of  the  distance  between  the 
centers  of  the  needles  and  of  certain  integrals  dependent  on 
the  (lis>tril)iition  of  matj^ietisni  in  tliem:  it  will  be  explained  in 
Paxt  Sixtii.    Tire  e^iuauun  of  equilibrium,  then,  is 


whence 


or 


M'.T^{P~¥)^  M.M\F,.   .   .  (i8) 


TsiniD^  ip')=^M.F,  (19) 


T  F 


M  ~  sin  {D  —  0')* 


(20) 


the  ratio  required  in  known  quantities,  for  F  is  obtained  by 
calculation  from  certain  measurements  that  may  be  made, 
and  />  anil  0'  are  observed. 

Multiplying  equations  (17)  and  (20),  member  by  mem- 
ber, we  have 

J!I  —  ir,  r,  cos  0  F 
AI.  ^  X       -  gjjj      _  0)  X  sin     -  0')'  •  (^'> 


whence 


—  F.  IV.r.  cos  0  

~  sin  (/?  ^  0)  sin  (i?-  0')'  *    *  ^^^^ 


Extracting  square  root  of  both  sides, 


-r—    /        F.  H'.  r.cos0 

V  -^i"  in^ipjsin  {D  -  0')'  •  ^^^^ 

This  is  the  value  of  the  ioial  intensity  in  absolute  measure — 
dynes — ^when  weights  and  distances  have  been  determined  in 

grammes  and  centimetres,  and  time  in  seconds. 

Compared  with  the  method  to  l)e  given  hereafter  for  de- 
termining the  hurizunial  compoi\ent  ot  the  intensity,  it  is 
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especially  accurate  in  latitudes  toward  the  magnetic  poles 
where  the  horizontal  component  becomes  less  and  less  and 
the  total  intensity  increases;  but  even  in  equatorial  regions 
it  has  yielded  excellent  results. 

123.  The  factor  for  distrllmtloii  of  magnetism  in  needle 
found  hy  experiment. — In  eqiiatfon  (23)  the  quantity  F  is 
the  only  one  not  directly  known,  but  while  it  may  become* 
so  by  calculation,  it  may  also  be  determined  by  experiment 
with  the  dip-circle  itself:  for  this,  a  brass  frame  f.  Fig.  173, 


Fig.  173. 


with  ai^s,  a,  is  provided  to  slip  over  the  box  containing  the 
needle,  until  it  rests  on  ledges  on  a  level  with  the  agate  rails. 
With  face  of  instrument  east  so  tliat  needle  No.  3  rests  in  line 
of  natural  dip  {NS  Fig.  173),  needle  No.  4  is  placed  at  meas* 
ured  distances  on  each  arm — ^as  at  E — ^its  axis  in  the  plane  in 
which  No.  3  has  free  motion;  this  is  then  deflected  to  a  certain 
angle  by  needle  No.  4,  and  the  box  is  turned  in  azimuth  until 
No.  3  stands  vertical;  the  vertical  plane  through  OC  then 
makes  a  certain  angle  ^  with  the  magnetic  meridian — ^it  is 
read  oft  on  the  horizontal  circle.  The  value  of  the  component 
H  infthis  new  direction  is, 

OC  =  OB,  cos  BOC  =  //.  cos  ^.  .    .    .  (24) 

The  vertical  position  of  No.  3  is  due  to  its  own  magnetic 
moment  in  combination  with  two  others,  namely,  that  of  the 
Earth  and  that  of  No.  4 — ^tending  to  turn  No.  3  in  opposite 
directions:  the  equation  of  equilibrium  may  therefore  be 
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written  directly  from  the  preceding  investigation,  only  that 
here  the  value  of  H  becomes     cos  6 ;  hence, 

M\  Z,  cos  0'—       H.  cos  if,  sin  ^'  =  M',  M.  F,  (25) 

But  since  No.  3  is  vertical,  its  deflection  0'  equals  got*, 
whence  cos  90'  =  o,  and  sin  90**  =  i,  and  equation  (2$) 
becomes 

-  Af\  If.  cos  e=  M',M,F,    .    .    .  (26) 

or  —  //  cos  n  =  M .  Fy 

H 

or  /  =  ~  -^^^QQ^ff  ^27) 

Tf  5  denotes  the  distance  between  the  centers  of  both 
needles,  it  is  shown  in  Part  Sixth  that 

.)/'.  Af.F='- +  I  +  1  +  etc).  .  (28) 
Hence 

^^=p(i +^  +  ^-f  etc.)  (29) 

Equating  both  values  of  F  from  (27)  and  (29),  we  have 

-  cos    =  p(i  +  ^  +  |-  +  etc.).  (30) 

The  series  within  i)arcntheses  converges  rapidly,  so  that 
terms  beyond  the  third  may  be  neglected.  By  observing  at 
different  distances,  or  for  various  values  of  equations  are 
obtained  for  determining  or  eliminating  />  and  q,  wlience  F 
is  obtained  from  (29)  and  then  T  from  (23). 

The  moment  of  a  magnet  varies  with  the  temperature, 
<]imlnishing  in  almost  steady  ratio  as  that  increases;  there- 
fore if  the  temperature  varies  during  the  cbservaHon  for  in- 
taisiiy,  a  correction  must  be  made,  otherwise  the  value  of  M 
in  equations  (17)  and  (20)  will  not  be  the  same  and  cannot 
cancel  in  equation  (21). 
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The  temperature  correction  for  No.  4  may  be  practically 
determined  by  placing  it  in  a  little  trough  of  water  at  two 
temperatures — say,  32*  and  132*  Fahr. — and  observing  the 
deflection  it  will  produce  on  a  delicately  suspended  needle 
at  each;  the  difference  of  the  two  deflections  divided  by  100 
will  give  the  amount  of  the  correction  for  each  degree  from 
*  any  standard  temperature  at  which  the  magnetic  moment 
may  be  determined. 

All  needles  arc  liable  to  variation  of  their  magnetism  with 
lapse  of  time,  with  shock,  ill-usage,  the  influence  of  iron 
masses  ur  powerful  niaf^nets:  all  tlicsc,  except  the  tirst,  arc 
avoidable  by  care,  and  with  resi>ect  to  the  first,  the  time  for 
intensity  observations  is  so  short  thai  the  magnetism  of  the 
needles  may  be  considered  constant  during  it. 

'Hie  method  of  making  intensity  observations  has  already 
been  indicated,  but  it  will  be  explicitly  stated  here:  in  Table 
21,  when  the  observations  for  Dip  were  finished  nt  the  stage 
denoted  by  (8),  (8),  the  face  of  the  instrument  wa-^  east:  now 
remove  the  dip-needle,  substitute  Xn.  4  loaded  with  its  little 
platinum  weight,  and  observe  this  un<ier  the  conditions  de- 
noted by  (i).  (I);  (2),  (2):  (3),  (3);  and  (4),  (4)  of  Table 
21 :  from  these  the  value  of  the  deflection  0  is  obtained. 

This  series  ends  with  the  face  of  tlie  instrument  west :  now 
remove  No.  4  and  substitute  Xo.  3:  then  fix  No.  4  tn mly  on 
the  cross-arm  A  as  indicated  in  Fig.  171.  north  pole  down- 
ward; turn  the  arm — No,  4  deflecting  No.  3  during  the  mo- 
tion— ^until  the  ends  of  No.  3  appear  coincident  with  the  cross- 
wires  of  their  respective  microscopes,  when  read  and  record 
the  verniers  of  the  vertical  circle.  Revolve  the  arm  A  in  the 
opposite  direction  until  the  microscope  which  was  at  first 
uppermost  is  now  below;  bring  the  ends  of  the  needle  and 
cros5*wires  into  coincidence  as  before,  and  read  and  record 
the  verniers  of  the  vertical  circle:  the  readings  of  the  vertical 
ctrcte  in  the  two  positions  of  the  cross-arm  afford  the  data  for 
finding  the  angle  0'. 
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Section  Three :  To  Determine  the  Dip  and  Total  Intensity  at  Sea 

wMi  Fox*s  Circle. 

za4.  The  Fox  Circle  described.— -This  instrument  was 

devised  specially  for  ohservaliDiis  at  sea.  and  has  been  exten- 
sively used.  yicUlini;-  very  g^ood  results  even  uiuler  unfavor- 
able conditions  of  wind  and  weather:  it  is  therefore  a  tried 
and  relial)le  instrument. 

It  consists  (see  Fig.  174)  of  a  frame    supporting  a  circu- 


Fig.  174. 

lar  brass  box  which  has  a  glass  cover  hinged  at  G;  near  the 
rim  of  the  box  are  two  graduated  circles  A  and  D  whose 
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* 

faces,  while  being  in  parallel  planes,  are  yet  sunken  one  below 
the  other,  so  that  the  needle  ns  swinging  over  the  graduation 
of  D  is  still  below  the  level  of  A ;  thus  the  ends  of  the  needle 
and  the  divisions  of  both  circles  coincident  with  them  are 
^een  together — a  means  of  avoiding  errors  of  parallax  as  well 
as  of  constituting  a  vernier;  the  zero-line  (o**)  of  graduation 
is  horizontal.  The  bracket  E  has  an  in-and<out  motion  (per- 
pendicular to  the  face  of  the  instrument)  by  means  of  a  screw 
at  the  back — ^to  adjust  the  needle  in  its  sockets,  or  release  it 
entirely  for  removal;  its  disk  /  may  be  turned  round  in  a 
vertical  plane. 

The  axle  of  the  needle  is  ground  down  us  ends  to  deli- 
•cate  conical  pivots  that  work  in  jeweled  sockets — one  in  the 
bracket,  the  other  in  the  brass  box,  and  both  in  a  line  perpen- 
dicular to  the  i)lanes  of  the  circles  A  and  D  through  their 
centers;  there  is  a  ^luoved  ahuninum  wheel  W  fixed  to  the 
axle;  a  silken  tiller  with  a  minute  hook  at  each  end  and  a 
scries  of  j^iraduated  little  weights  arc  supplied  for  use  on  the 
grooved  wheel.  This  whole  ui)i)cr  system  rests  on  a  plate 
P  having  motion  in  azinuuh  round  the  center  of  the  horizon- 
tal circle  //  which  is  attached  to  the  frame  that  bears  the  foot- 
screws.  In  use.  the  instrument  is  set  upon  a  stout  gimbal 
table  that  is  firmly  secured  to  the  deck;  this  prevents  it  tak- 
ing up  much  of  the  ship's  motion:  like  the  compass,  it  hangs 
level. 

125.  The  ship's  iron  affects  obsenratioiis  for  Dip  and 
Intensity. — Just  as  a  ship  is  swung  for  compass  deviations^ 
so  must  she  be  to  ascertain  the  effect  of  her  iron  on  the  Dip 
and  Intensity;  and  the  results  obtained,  constitute  tabulated 
corrections  jto  be  applied  to  all  observations.  The  swinging 
should  be  done  before  sailing,  with  every  great  change  of 
geographical  position,  and  on  return  to  the  port  of  de- 
parture. 

A  ship,  like  every  other  magnet,  has  two  principal  foci  of 
strength,  separated  by  a  neutral  line;  and  according  to  the 
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location  of  the  poles  of  the  ship  with  reference  to  the  site  of 
the  Fox  Circle,  they  will  conspire  or  conflict  with  the  Earth 
in  its  influence  on  the  Dip  and  Intensity.  The  gimbal  table 
should  be  set  up  as  near  the  neutral  line  as  circumstances  will 
permit,  aiid  on  the  middle  fore-and-aft  line  of  the  ship;  the 
line  of  the  keel  should  be  drawn  on  the  table,  and  also  a  circle, 
divided  to  degrees,  with  its  zero  (o")  on  the  keel-line.  Now 
consider  Fig.  175:  the  ship  heads  north  magnetic,  the  Fox 


Fto.  175. 

Circle  is  mounted  at  F ,  and  its  needle  settles  into  the  line  of 
Dip  Fli\  supix^se  that  ^1/  is  one  of  the  two  centers  of  mag- 
netic strength  of  the  ship — the  one  nearest  the  instrimient — 
that  it  is  a  pole  of  the  same  name  as  the  Karth  s  magnetism 
in  the  region  where  the  ship  is — and  located  in  the  line  of 
the  Dip. 

It  merely  increases  the  Earth's  intensity,  but  does  not 
change  the  Dip.  But  suppose  it  at  either  \V  or  M" — then  it 
affects  both  the  Dip  and  Intensity;  and  if  it  were  a  pole  of  dif- 
ferent name  from  the  Earth's  magnetism  at  the  place,  the 
effect  would  be  opposite  in  kind. 

All  observations  for  Dip  and  Intensity  must  be  taken  with  the 
needle  free  to  move  in  the  vertical  plane  of  the  magnetic  meridian; 
but  the  ship  may  head  any  other  course  than  magnetic  north 
or  south:  suppose  it  N.E,  as  at  (2)  Fig.  176;  the  force  of  the 
pole  M  may  be  resolved  vertically  and  horizontally,  and  the 
latter  may  be  further  split  up  into  forces  parallel  and  perpen- 
dicular to  the  majjnetic  meridian.  The  vertical  component 
does  not  vary  with  the  course;  the  component  perpendicular 


Digitized  by  Google 


biyiiizua  by  GoOglc 


266  DETBRMJNATION  OP  THE  MAGNETIC  ELEMENTS. 


to  the  nierKliau  produces  no  action  at  all — it  merely  works 
against  the  sockets  of  the  needle;  the  force  ])aral]el  to  the 
meridian  tends  to  deflect  the  needle,  and  it  varies  as  the  cosine 
of  the  magnetic  course — becoming  a  maximum  when  the 
course  is  o\  and  a  minimum  when  it  is  90°.  On  southerly 
courses  the  effect  changes  sign. 

As  the  ship  swings  round  the  compass,  the  line  joining  the 
Fox  Circle  and  pole  M  describes  the  surface  of  a  cone  whose 
apex  is  at  the  center  of  the  needle;  and  the  force  of  the  pole 
upon  the  needle  is  exerted  along  this  surface  in  the  direction 
of  the  line  that  generates  it — making  the  needle  more  stead- 
fast  in  direction  in  one  part  of  the  circuit,  and  more  easy  to 
move  in  the  other:  this  variability  of  the  ship'*s  magnetism 
upon  the  needle  is  expressed  by  the  cosine  of  the  magnetic 
course — ^a  maximum,  plus  or  minus,  in  the  meridian,  and  zero 
when  the  course  is  90*  E.  or  W.,  for  then,  as  in  (3)  Fig.  1 76, 
its  pull  is  at  right  angles  to  the  axis  of  the  dip})ing  needle. 
But  the  poles  of  the  ship  may  be  differently  located,  and  then 
the  variability  of  the  Dip  and  Intensity  with  the  course  would 
be  different;  hence  the  necessity  of  swinj;in«4  ship  and  ascer- 
taining the  actual  condition  and  its  efTccts. 

Observations  with  tlie  I'ox  Circle  require  both  weights 
and  magnets  to  protluce  the  necessary  deflections:  with 
weight >,  it  is  the  balancing  of  gravit\  ngainst  the  magnetic 
force  of  the  Earth — l>ot]i  acting  on  a  sn>pen<lcd  nec<ll(  :  in 
the  case  of  other  magnets,  it  is  the  equilibrium  of  this  >aine 
needle  under  the  influence  of  two  magnetic  forces — the- 
Earth's  and  that  of  another  neetlle.  The  underlying  princi- 
ple of  botli  condition <  has  ?)cen  already  explained. 

126.  To  determine  the  Dip. — bind  from  the  compass 
course  the  ship  is  heading,  the  corresix:>n<ling  magnetic 
course:  place  the  instrument  on  the  gimbal  table,  the  zero- 
line  (o**)  of  the  horizontal  circle  in  the  keel-line  marked  on 
the  table,  and  turn  the  vertical  circle  into  the  magnetic  merid- 
ian as  indicated  by  the  angle  of  the  magnetic  course. 
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'riiroiighout  the  observations,  the  shi]»  must  be  kept  very 
steady  on  her  course,  for  it  is  evident  that  any  departure  Iroiii 
it  turns  the  dip  circle  by  the  same  amount  from  the  magnetic 
meridian  and  introduces  error  into  the  result. 

With  the  instrument  leveled  and  face  east,  observe  and 
record  the  division  of  the  outer  circle  (opposite  each  end  of 
the  needle)  that  coincides  with  the  corresponding  division  of 
the  inner  circle,  turning  the  bracket  to  and  fro  slightly  and 
Tubbing  the  center  pin  at  the  back  with  the  ivory  disc  to  agi- 
tate the  needle  while  observing  it:  turn  the  face  west  and 
repeat  these  observations.  Adjust  the  graduated  circle  at 
the  back  to  an  angle  of  45**  from  the  dip  just  observed,  and 
scre^v  the  deflector  into  its  arm  so  as  to  repel  the  needle; 
when  at  rest,  read  and  record  both  ends  as  before;  revolve  the 
back  circle  through  90",  or  so  as  to  repel  the  needle  in  the 
opposite  direction,  and  read  and  record  both  its  ends:  turn 
the  circle  face  east  and  repeat  these  observations  with  the 
deflector  in  the  same  relative  positions  it  was  with  the  face 
west.  The  mean  of  all  the  readings  will  be  the  Dip — affected, 
however,  with  the  error  due  to  the  iron  of  the  ship— that  is, 
for  the  vertical  comi)oneat  and  for  the  horizontal  component 
proper  to  the  course  she  was  steering.  W  hen  this  error,  taken 
from  the  dip  table  obtained  by  swinging,  has  been  applied, 
we  have  the  l)i[)  property  the  locality. 

127.  To  determine  the  Intensity:  with  weights;  with 
deflectors  ;  with  both  combined. 

First,  with  wkk.hts:  Remove  tlu deik'ctor  used  in  the 
diyt  observations,  and  when  the  needle— designated  by  the 
letter  A — has  settle<l  into  the  line  of  dip.  place  the  silken 
fiber  over  the  groove  of  the  wheel,  and  attach  a  weight  to  one 
of  the  hooks:  the  needle  will  be  deflected — observe  and  record 
both  its  ends;  shift  the  weight  to  the  other  hook,  and  again 
observe  and  record  l)oth  ends.  From  the  mean  of  the  read- 
ings in  the  two  positions  of  the  needle  we  get  the  deflection  . 
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— ^tlie  ratio  of  the  two  forces,  mechanical  and  niagnetical,  that 
are  in  c<iuilibrinm. 

If  this  ratio  had  l^een  determined  with  the  same  weight, 
the  same  needle,  and  at  the  same  temperature  at  a  base  sta- 
tion, and  the  magnetism  of  the  needle  had  not  changed  in 
the  interval,  the  vahies  of  the  intensity  at  the  base  and  at  any 
Other  station  would  be  to  each  other  inversely  as  the  siws  of 
the  angles  of  deflection,  or,  denoting  these  angles  by  0|  and 

respectively,  and  the  corresponding  intensities  by  Tx  and 
Tj,  we  have 

r,      sin  0, 


r,     sin  0,' 


(3i> 


or 


7-.  =  lL!i!^  (3,) 

*        sin  0,  ' 

Introducing  into  this  the  correction  for  temperature,  it 
becomes 

^«  =    0;'"  +   -  '■)'•  •  •  •  <"> 

where  g  is  the  fraction  that  expresses  the  decrease  of  mag- 
netic  moment  of  the  needle  for  one  degree  increase  of  tem- 
perature— to  be  determined  by  experiment  with  the  particu- 
lar needle,  as  previously  explained — and  /,  the  temperature 
at  the  base  station  and  /2  that  at  any  other.  As  Ty  sin  0| 
(observed  at  the  base  station)  is  a  constant  that  enters  into 
the  observations  of  all  other  stations,  let  it  be  denoted  by  Cx% 
then  equation  (33)  becomes 

=  sin '^J  »  +  ^(^,  -  01  (34) 

This  is  a  relative  value  of  the  intensity,  dependent  on  that  of 
the  base  station.  If  this  had  been  compared  with  an  observa- 
tion made  there  with  a  unifilar  magnetometer,  Ci  would  be 
known  in  absolute  measure,  and  then  Tg,  T^,  T^,  etc.,  at  all 
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Other  stations  would  be  the  Total  Absolute  Intensity  proper 
to  each  locality,  when  freed  from  the  effect  of  the  ship's  iron 
by  means  of  the  table  of  Intensity  Deviations  obtained  from 
swinging  ship. 

The  relation  that  the  intensities  are  inversely  as  the  ^nes 
of  the  angles  of  deflection  will  be  evident  when  it  is  consid- 
ered that  with  a  less  (tnagnetic)  intensity,  the  same  weight 
will  produce  a  greater  deflection. 

Second,  wini  dkfi.kctors:  Remove  tlie  intensity 
needle  A  frcjin  the  sockets  and  substitute  uectllc  B,  without 
the  silken  fiber;  when  it  has  settled  into  the  line  of  dip,  ad- 
just the  circle  at  the  ])ack  so  that  one  of  its  screw-holes  will 
lie  in  this  line;  place  needle  .  /  in  a  cylindrical  case  providetl 
for  it  and  screw  this  into  the  hole  in  the  line  of  dij)  with  stich 
pole  toward  tiie  instrument  that  the  needle  B  will  be  repelled 
by  it;  observe  and  record  both  ends  of  the  needle:  then  by 
means  of  the  disk  /  revolve  needle  B  to  the  other  side  of  the 
line  of  dip.  symmetrical  with  its  first  position,  and  observe 
and  record  both  its  ends  as  before.  From  the  readings  in 
both  positions  of  the  needle  is  obtained  the  angle  of  deflec- 
tion— ^the  relation  between  the  magnetic  moment  of  the 
Earth  and  that  of  the  deflecting  needle  A. 

As  in  the  first  case,  if  this  relation  had  been  determined 
at  a  base  station,  we  should  have  an  equation  similar  to  (34), 
that  is. 


in  which  the  several  symbols  represent  analogous  quantities 

to  those  in  the  first  case;  and  T.^  in  equation  C35)  is  either 
the  relative  or  the  absolute  Total  Intensity  |)roper  to  the 
locality,  according  to  the  same  circumstances  as  in  that  case. 

THfRl).  W  KKIHT  AND  UKFLKCToR  COMBINED!  Tf  tile  ob- 
servations with  weights  and  deUcctors  are  carried  out  at  the 
same  station  in  the  sequence  and  manner  described,  the  one 


(35) 
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immediately  after  the  other,  then  we  should  have  from  equa- 
tions (34)  and  (35)1  multiplying  them  member  by  member, 

•       sin  0,  sin  ^j*  '    '    '    *    *  ' 

whence, 


*      Y  sin  < 


....  (37). 
sin  0,  sin  ^ 

in  whrch  the  correction  for  temperature  naiurally  thsappears; 
and  the  value  of  To  in  (37)  is  the  Total  Absolute  Intensity 
proper  to  the  locality  under  the  conditions  previously  stated. 
In  the  first  case  a  weij^ht  is  used  t(i  deflect  the  needle 
marked  A ;  in  the  second  c.use  this  same  needle  A  is  used 
itself  as  a  detiector  of  another  needle:  if  the  needle  A  should 
lose  magnetism,  its  angle  of  deflection  under  the  influence  of 
the  same  weight  will  be  greater,  and  less  when  used  itself  to 
produce  deflection — whereas,  if  the  magnetism  of  A  remain 
constant,  and  only  that  of  the  Earth  decrease,  then  the  angle 
of  deflection  would  increase  in  both  the  flrst  and  second  cases. 


Section  Four :  To  DetermJne  the  Varlatloii  and  Horixo&tal  Com- 
ponent of  the  Total  Intensity  on  Shore  witii  the  Kew 
Uniillar  Magnetometer. 

The  mathematical  basis  of  this  problem  is  given  in  Part 
Sixth;  its  theoretical  and  practical  phases  here:  the  princi- 
ples involved,  description  and  adjustments  of  the  instrument, 
procedure  of  observation,  and  corrections  to  be  applied  to 
the  quantities  observed. 

xa8.  The  principle  inyolTed — ^This  has  been  explained 
in  another  part  of  this  Treatise,  but  for  clearness  it  will  be- 
explicitly  stated  here. 

Every  niagiicL  is  surrounded  by  a  sphere  of  inthiciict  just 
as  the  Earth  is  by  its  magnetic  atmosphere:  lines  of  force 
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represent  the  field  of  both;  they  are  cm  \  cd  m  every  case,  hut 
for  a  small  area  of  the  Earth  they  may  be  considered  parallel. 
Let  the  dotted  lines  of  Fi^.  177  represent  snch  an  area  on  the 
horizontal  plane:  the  magnet  A,  susjicnded  horizutually  by 
a  thread,  will  take  the  direction  of  these  lines  and  be  held  there 
by  a  definite  force.  If  another  magnet  B  be  brought  near  A, 
its  field  conflicts  with  that  of  A — ^in  fact,  both  mingle  with 
that  of  the  Earth,  and  a  complex,  contorted  field  is  the  result; 
it  might  be  depicted  to  the  eye  by  fine  iron  filings  strewn  on  a 


3 


Fig.  t77.  Fto.  178, 

sheet  of  paper  above  both  magnets.  The  magnet  A  takes 
a  new  direction.  A' ,  \w  this  distorted  field:  the  terrestrial  lines 
of  force  tend  to  brinsif  it  back  to  their  natural  parallelism, 
while  those  of  H  tend  t'>  iifL^e  it  further  .iway.  and  their  bal- 
ance at  A'  indicates  the  equality  of  both  forces  and  gives  the 

ratio  of  their  strength;  or  j-^,  if  H  denotes  the  strength  of 

the  Earth  and  M  that  of  B,  This  ratio  becomes  known  by 
reading  the  angle  cof  on  the  horizontal  circle  of  the  instru- 
ment; it  is  equal  to  ADA',  the  deflection  of  the  magnet  A  as 
is  perpendicular  to  OA,  and  fO  to  OA',  and  the  sine  of  this 
angle  is  the  ratio  sought.  Denote  the  angle  by  ^.  Then  we 
have 

H 


M 


(38) 
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With  any  change  in  cither  H  or  M — ^that  is.  a  variatiun  of  the 
terrestrial  field  or  of  the  strent^th  of  the  magnet  B,  there  will 
be  a  corresponding  change  m  0,  so  that  this  deflection  be- 
comes an  exponent  of  the  relative  strength  of  both  magnetic 
forces. 

Now  suspend  B  horizontally,  as  in  Fig.  1 78,  in  the  same 
field,  and  remove  A  beyond  the  power  of  influencing  it.  Let 
B  be  slightly  deflecte<l  from  its  position  of  rest,  and  it  will 
oscillate  at  a  certain  definite  rate  between  the  positions  B  and 
ff\  If  the  intensity  of  the  Earth's  field  be  doubled,  it  will  act 
twice  as  forcibly  on  S;  if  trebled,  three  times;  and  if  its  in- 
tensity be  represented  by  any  arbitrary  symbol  H,  it  will  act 
i/-times:  if,  at  the  same  time,  the  strength  of  the  magnet  B 
be  doubled,  this,  too,  will  cause  it  to  act  twice  as  forcibly  in 
the  field  H,  that  is,  2//;  if  trebled,  three  times,  or  3//;  and  if 
its  strength  be  denoted  by  any  arbitrary  symbol  M,  the  force 
in  action  will  be  M  .  H.  Every  change  in  either  M  or  H  will 
entail  a  change  in  the  rate  or  period  of  oscillciLiuii ;  this  period 
is  timed  by  a  chronometer,  and  it  becomes  an  index  of  the 
combined  force  M  .  H,  that  is 

M.H^t  (39) 

the  period  of  oscillation  being  /. 

Multiplying  equations  (38)  and  (39)  together,  we  have 

j^,M,H^$.t^  (40) 

whence 

in  =  e,t  (40 

and 

H  =  VVTt.  (42) 

Both  B  and  t  are  known  from  observation,  and  thus  the  hori- 
zontal intensity  H,  of  the  Earth's  magnetic  field  is  deter- 
mined. 
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Dividing  (39)  by  (38),  we  have 


MH 


H  t 


(43) 


-whence 


t 

1 


(44) 


and 


(4S) 


and  thus  we  ascertain  the  strength  of  the  magnet  B. 

The  observation  of  the  requisite  quantities  that  enter  into 
the  equations  consists  therefore  of  two  distinct  operations — 
one  of  deflection  and  one  of  oscillation:  the  former  will  be 
xlescribed  first. 

It  must  l)e  stated,  however,  that  it  is  not  a  change  in  the 
maj^'-nctic  forces  alone  that  varies  the  rate  of  oscillation;  but 
the  material  substance  of  the  magnet  itself  enters  as  a  factor 
with  a  specific  rate  of  its  own  at  a  detiiule  tem])erature,  dis- 
tinct and  apart  from  any  mapnetic  condition  of  the  •^teel. 

129.  Description  of  the  Kew  Unifilar  Magnetometer. — 
Fig.  179  represents  the  instrument,  arranged  for  detiection: 
it  consists  of  a  graduated  circle  //,  firmly  supported  on  foot- 
screws;  upon  this  is  a  circular  plate  provided  with  level, 
verniers,  reading  lenses,  clamp,  and  tangent-screw — all  for 
use  with  the  circle;  this  system  has  motion  round  a  vertical 
axis  and  carries  with  it  the  box  to  which  is  attached  the 
tube  Ut  and  the  bar  set  at  right  angles  to  the  axis  of  the 
tube;  the  bar  is  removable;  C  is  a  carriage  that  may  be  slid 
along  the  bar — it  bears  the  deflecting  magnet  B,\  G  is  a  glass 
tube  with  a  torsion  apparatus  P  at  the  top,  from  which  is 
pendant  the  suspension  fiber  of  the  magnet;  to  this  magnet 
is  attached  a  small  mirror  ilf,  below  and  at  right  angles  to  its 
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axis;  £  is  a  telescope  for  viewing  the  image  of  the  scale  5" 
reflected  by  the  mirror  as  the  magnet  moves,  and  its  eye- 
piece has  a  vertical  wire  for  precision  of  observation. 


130.  The  deflection  observation. — Level  the  instnimcnt, 
turn  the  tube  U  into  the  magnetic  meridian,  remove  the  mag- 
nets, suspend  the  plummet  £),  Fig.  180,  and  let  it  hang  until 


Digitized  by  Google 


DETEKMI^AriON  WITH  THE  KEW  MAGNETOMETER,  2/5 

all  twist  is  turned  out  of  the  fiber.  Take  off  the  plummet, 

suspend  the  magnet  A,  level  it  by  moving  the  little  ring  it 
carries,  and  piu  ihc  wuoclcii  bliuiiers  on  the  box.  By  means 
of  tile  Laugcut-screw  bring  the  vertical  wire  of  the  eye-piece 


Fio.  i8o. 


of  the  telescope  E  into  coincidence  with  the  middle  division 
of  the  scale  .S\  clamp  the  instrument,  and  read  and  record  the 
horizontal  circle  and  the  middle  division. 

The  temperature  is  to  be  recorded  at  every  stage  of  the 
procedure. 
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The  deflecting  magnet  B  may  be  used  in  one  of  two  posi- 
tions— either  with  its  axis  at  right  angles  to  that  of  the  de- 
flect^ff  magnet  or  perpendicular  to  the  magnetic  meridian: 
the  former  is  best,  being  most  efTecttve,  and  produces  less 

twist  in  the  fiber;  it  alone  will  be  dci^cribed  here:  it  introduces 
tile  siiic  of  the  an^^lc  of  dcflectiun    llic  other,  the  tiDigcnt. 

Set  the  carriage  at  the  proper  (Hstancc  on  the  l)ar,  east  of 
the  meri(han.  and  place  the  magnet  B  on  it.  north  pole  to- 
ward the  ,-^u.->pen(led  magtiet:  l)oih  magnets  slionld  be  at  the 
same  ]e\  el.  wliich  may  be  effected  by  the  apparatus  at  P\  the 
suspended  magnet  will  be  deflected  and  new  dixisions  ol  the 
scale  come  into  view.  Unclamp  and  turn  the  upper  structure 
until  the  middle  division  is  brought  into  coincidence  with  the 
vertical  wire  of  the  telescope,  then  clamp,  read,  and  record 
the  horizontal  ^circle.  The  difference  between  this  and  the 
former  reading  will  be  the  first  value  of  the  deflection.  Turn 
the  magnet  B  on  the  carriage  so  that  its  south  pole*  will  act 
on  At  and  repeat  the  observation.  Transfer  the  magnet  and 
carriage  to  the  same  distance  on  the  west  side,  and  duplicate 
the  observations  already  made.  From  all  these  readings  the 
angle  of  deBection  is  deduced.  Repeat  all  these  observations 
at  a  second  distance  for  data  to  compute  the  term  involving 
the  distribution  of  magnetism  in  A  and  B. 

131.  Proper  distance  for  deflecting  magnet,  and  best 
nlatiye  sizes  of  both  magnets.— To  obtain  the*best  results, 
the  length  of  B  should  be  1.224  times  that  of  A  ;  the  former 
should  not  be  brought  nearer  the  latter  than  four  times  its 
own  length,  to  deflect  it;  ami  llie  two  distances  at  which 
'  deflections  are  made,  should  bear  the  ratio  of  i.j  to  each 
other. 

To  be  specific,  and  illn^trale  the  Jiiatter  by  magnets  of 
very  good  dimensions:  let  .1  i)e  a  steel  tube  eii^lit  centimeters 
\ow^,  iMie  cm.  external  diameter,  and  0.8  cm.  internal  diam- 
eter; then  B  should  be  10  cms.  long,  and  the  distances  at 
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which  it  should  be  placed  from  A  are  respectively  40  and  50 
cms.,  measured  from  center  to  center  of  both  magnets. 

But  B  must  have  good  strength  to  produce  sufficiently 
targe  deflections  at  these  distances.  It  is  immaterial  about 
the  magnetism  of  A — ^whether  strong  or  weak,  its  deflection 
will  be  the  same;  whereas  it  is  all-important  that  B  should 
not  only  be  strong,  but  also  that  it  ^ould  preserve  its  mag- 
netism  without  change. 

132.  To  find  the  middle  division  of  the  scale  and  the 
angular  Talite  of  one  division. — Make  the  magnet  A  oscil- 
late over  a  small  arc;  observe  and  record  the  extreme  division 
that  successively  appears  on  the  vertical  wire  during  a  num- 
ber of  oscillations,  and  take  the  mean  of  all  the  pairs  right 
and  left :  it  will  be  the  middle  division. 

Next  turn  the  upper  system  until  a  part  of  the  scale  near 
one  end  comes  into  view,  when  note  the  particular  division  in 
coincidence  with  the  vertical  wire  of  the  eye-piece,  antl  read 
the  horizontal  circle;  then  turn  the  system  until  the  other  ex- 
treme of  the  scale  appears,  when  repeat  the  observation  just 
made:  the  ditterencc  of  the  hori/ontal-circlc  ^ca<linL,^•^  divideil 
by  the  difference  of  the  scale-division  readings  will  be  the 
value  in  arc  of  one  --("ih*  dn.-i^ion, 

133.  A  quartz  fiber  the  best-  how  to  make  it. — If  the 
suspension  fiber  be  of  silk,  moisten  it  with  a  drop  of  glycer- 
ine: this  will  reduce  and  equalize  the  torsional  rigidity. 

But  the  best  material  is  a  quartz  hber,  on  account  of  its 
lightness,  strength,  and  extreme  flexibility.  It  may  be  made 
thus:  attach  a  bit  of  quartz  to  the  arrow  of  a  cross-bow, 
melt  it  in  the  oxyhydrogen  blow-pipe  "and,  at  the  proper 
point  of  fusion,  discharge  the  arrow,  when  it  will  spin  the 
globule  of  quartz  into  a  filament  whose  fineness  depends  on 
the  rapidity  of  the  arrow's  flight. 

134.  The  most  suitable  time  for  magnetic  ohsemtions. 
— ^The  best  time  for  making  observations  with  the  Kew  mag- 
netometer is  from  7  to  10  a.m. — beginning  with  Deflections* 
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following  with  Oscillations,  and  ending  with  the  Variation: 
the  magnetic  atmosphere  is  then  most  nearly  calm  and  closest 
to  the  mean  position  for  tlie  dny. 

135.  The  oscillation  observation. — For  Oscillation  the 
instrument  must  be  arranged  as  in  Fig  180. 

Without  disturbing  its  position  in  the  meridian,  remove 
the  telescope,  bar,  glass  tube,  and  both  magnets.  Set  the 
box  K  in  place,  as  shown,  and  screw  the  glass  tube  into  it; 
suspend  the  plummet  to  allow  the  fiber  untwist  itself;  place 
the  telescope  L  on  its  supports,  and  level  the  instrument;  re- 
place the  plummet  by  the  magnet  B  which  was  used  to  pro- 
duce deflection.  This  magnet  is  a  steel  tube  having  a  small 
scale  at  one  end  and  a  lens  at  the  other  that  renders  the 
divergent  rays  from  the  scale  parallel  on  passing  tlirough  it — 
Fig.  181.    The  division  of  the  scale  corresponding  to  the 


Fia  181. 


magnetic  axis  of  B  must  now  he  found,  as  it  is  the  mark  to 
be  observed  during  oscillation:  the  process  is  identical  with 
that  already  descrilied  for  linding  the  middle  division  of  the 
scale  when  A  was  suspended,  only,  that  here  it  must  be  done 
with  the  scale  in  its  normal  i)osition  and  also  inverted,  or 
with  the  m'ig!iet  turned  upside  down. 

The  metiiud  of  iinding  the  angular  value  of  a  scale  di- 
vision is  the  same  as  with  the  magnet  A. 

The  time  or  period  of  oiie  oscillation — which  is  the  quantity 
sought — will  depend  on  the  amplitude  of  the  arc  over  which 
the  magnet  swings,  so  that  the  limits  of  this  at  beginning  and 
ending  the  series  must  be  observed  and  recorded,  in  order 
to  apply  the  correction  to  reduce  it  to  an  arc  whose  period 
is  constant. 

These  preparations  made,  and  the  magnet  at  rest  with  the 
•division  denoting  its  axis  on  the  vertical  wire  of  the  telescope. 
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bring  a  small  weak  magnet  toward  the  middle  of  the  sus- 
pend^  magnet  and  at  right  angles  to  the  meridian,  and  when 
the  requisite  deflection  is  produced,  remove  the  small  mag- 
net quickly,  and  let  the  other  swing  until  the  arc  is  reduced 


to  less  than  2^  on  each  side»  when,  the  movement  being  reg- 
ular and  steady,  the  counting  of  the  oscillations  may  begin. 

136.  Method  of  counting  the  oscillations,  and  meaning 
Hi  "ime  oscillation.**— Consider  Fipf.  182  where  B  repre- 
sents the  magnet  swingnig  through  the  arc  ab;  the  zig-zag  line 


LEFT 


L 

c  1 


Fig.  183. 
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represents  its  successive  oscillations,  L  the  telescope,  and 
2,  3,  .  .  .  ID  the  intervals  at  which  the  magnetic  axis  of  B 
crosses  the  line  of  sight:  at  each  of  these  the  observer  at  L 
calls  out  Markl "  to  an  observer  at  a  chronometer,  who 
notes  and  records  the  time;  then,  without  observing  for  about 
two  minutes,  the  magnet  is  allowed  to  continue  its  oscillation, 
and  again  the  times  of  ten  more  transits  are  observed  and  re- 
corded, beginning  and  ending  with  the  magnet  moving  in 
the  same  direciim  as  during  the  first  series;  repeat  this  pro- 
ceeding until  three  intervals  of  rest  of  two  minutes  each  alter- 
nate with  four  sets  of  ten  transits  each. 

Then  it  is  evident  that  in  each  series  of  ten  transits,  the 
mean  of  the  5lh  and  6th  will  give  the  time  of  a  niidway  jx)int 
f>  on  the  line  ;;j/>m — that  is,  a  specific.  mi(l\\a\  point  of  time; 
so  will  the  mean  of  the  4ih  and  jth;  3d  and  8th;  jd  and  ytii; 
1st  and  loih:  all  give  the  same  point — the  same  time. 

The  interval  between  any  two  successive  transits — as  i 
and  2;  2  and  3;  3  and  4:  and  so  on—is  called  the  time  of  a 
half  oscHhiion:  and  the  interval  between  any  two  alternate 
transits — as  i  and  3;  2  and  4;  3  and  5;  and  so  on — is  called 
the  time  of  '*  one  oscillation."  Deduce  this  time  of  one 
oscillation  from  each  of  the  four  scries  of  ten  transits — it 
should  he  nearly  the  same  for  all;  take  the  mean  of  the  four 
values.  Find  from  the  first  and  fourth  series  of  transits  the 
time  of  the  middle  point  p;  take  the  difference  between  these 
two  times;  convert  this  difference  into  seconds  and  divide  it 
by  the  time  of  one  oscillation  deduced  from  the  mean  of  the 
four  values  stated  above:  the  quotient  is  the  number  of  com- 
plete oscillations  (**  one  oscillation  "  each)  that  occurred  be- 
tween the  ix)int  />  in  the  first  series  of  transits  and  the 
point  p  in  the  last  series — ^it  should  of  course  be  a 
whole  number,  but  may  not  he,  but  a  whole  number  and 
fraction — owing  to  the  inexactness  of  niaiknig  liie  limes  of 
transit,  for  they  will  scarcely  occur  at  exact  seconds.  The 
decimal  part  will  be  so  close  to  a  whole  number,  however^ 
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that  the  nearest  whok  number  is  to  be  taken  as  the  entire 
number  of  oscillations  between  the  point  />  in  the  first  and 
fourth  series  of  transits.  Divide  the  interval  in  seconds  be- 
tween the  time  of  this  point  p  in  the  first  and  last  series  by  the 
whole  number  of  oscillations  made  during  it,  and  the  result 
will  be  the  time  of  *'<me  osciUatum"  which  is  the  quantity 
sought. 

137.  Correctloiis. — ^The  quantities  obtained  by  observa- 
tion require  several  corrections,  which  will  now  be  explained. 

I  ST.  Torsion  of  suspension  fiber. — ^If  a  brass  bar  be 
hung  horizontally  by  a  stout  steel  wire  and  set  in  oscillation, 

it  will  swing  to  and  fro  for  a  short  time,  and  then  come  to  rest 
in  a  definite  direction — thai  for  which  the  wire  is  devoid  of 
twist;  and  the  rigidity  of  the  wire  will  Iceep  it  in  that  direc- 
tion. 

If  the  bar  be  turned  round  the  wire  as  an  axis,  this  act 
will  twist  the  i)articles  of  the  wire  from  a  condition  of  paral- 
lelism to  its  own  length  into  one  of  s|)ira1  curves,  and  the  ef- 
fort of  the  particles  to  recover  their  original  alignment  is 
equivalent  to  the  force  of  torsion:  this  varies  with  the  angle 
of  deflection,  size  of  the  wire,  and  material  of  which  it  is 
made,  and  exists  to  some  degree  in  every  material  used  for 
suspension — wire,  silk,  or  quartz. 

In  the  deflection  experiment,  the  force  of  torsion  opposes 
the  force  of  the  deflecting  magnet,  and  so  the  angle  is  less- 
ened by  a  very  small  amount:  in  the  oscillation  experiment, 
it  conspires  with  the  Earth's  magnetic  force  to  quicken  the 
rate  of  oscillation,  and  its  effect  must  be  removed  from  the 
observed  time  to  get  that  due  to  magnetism  alone.  Thus  the 
moment  of  torsion,  though  a  mechanical  one,  is,  in  its  action 
on  the  bar,  entirely  analogous  to  the  magnetic  moment  of 
the  Earth. 

To  determine  the  force  of  torsion:  with  the  maijnet  B  sus- 
pended, 1)ring  its  axis  into  coincidence  with  the  vertical  wire 
of  the  telescope  L,  both  being  in  the  magnetic  meridian,  and 
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the  fiber  free  from  twist;  turn  the  torsion  circle  P  to  the  ri<;ht 
90"  and  observe  and  record  the  new  division  of  the  scale  that 
conies  upon  the  vertical  wire;  turn  the  torsion  circle  90°  to 
the  left  and  repeat  this  observation:  convert  the  scale  de- 
flection into  angular  measure — denote  it  by  a — and  then,  F 
being  the  force  of  torsion  and  m .  H  the  combined  magnetic 
force  of  Earth  and  B  we  have,  when  the  lorces  are  balanced 
against  each  other,  as  just  described, 

2D.  Rate  of  the  chronometer. — The  observed  period 
of  one  oscillation  will  be  affected  by  a  proportionate  amount 
of  whatever  change  occurs  in  the  daily  running  of  the  chro- 
nometer: if  this  be  gaining,  the  period  will  be  shorter  than  if 
the  chronometer  were  running  uniformly,  and  hence  the  cor- 
rection must  be  added  or  is  plus  (+);  if  losing,  the  period  will 
be  longer,  and  hence  subtractive  or  minus  ( — );  let  s  denote 
the  daily  rate,  then  86,400  being  ilic  number  of  seconds  in  a 

s  • 

day,  the  correction  is  ±      ^ ,  to  be  applied  to  the  observed 

00,400, 

time  of  one  oseillation. 

3D.  Rkdi  ctiun  to  small  arc. —  i  iiat  the  time  of  oscilla- 
tion decreases  with  a  lesseninj^  arc  of  swing  is  a  matter  both 
of  demon>lrati< >n  and  eN])erimental  proof. 

Tlic  (lamping  of  the  magnet's  motion — the  logaritlnnic 
decrement,  as  it  is  called  when  a  regular  decrease,  because 
the  phenomenon  may  be  represented  by  a  logarithmic  equa- 
tion and  curve,  is  due  to  a  combination  of  causes — rigidity 
of  the  fiber,  resistance  of  the  air,  and  opposing  electric  cur- 
rents excited  in  surrounding  metals. 

Through  whatever  arc  the  magnet  oscillates,  its  period, 
therefore,  must  be  reduced  to  that  of  an  arc  whose  period 
is  constant:  an  arc  of  one  degree  is  practically  such.  The 
initial  and  terminal  arcs  of  oscillation,  denoted  respectively 
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by  Cx  and  c^,  must  be  expressed  in  parts  of  the  radius  (not 
in  degrees  or  scale  divisions)  and  the  correction  to  be  applied 
to  the  observed  time  of  one  complete  oscillation  is 


4TH.  The  Earth's  induction  on  the  magnet  used  for 
DEFLECTING  AND  OSCILLATING. — When  a  Steel  magnet  is 
brought  into  a  magnetic  field,  its  own  strength  undergoes  a 
change  whose  amount  depends  upon  the  intensity  of  the  field. 


the  direction  of  the  magnet's  axis  with  reference  to  the  lines 
of  force  of  the  field,  the  temperature,  and  the  hardness  of 
the  steel. 

Fig.  183  represents  the  Earth's  horizontal  magnetic  field, 
Ht  with  a  magnet  B  in  various  positions  in  it:  in  (i)  it  receives 


(47) 


Fio.  183. 
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the  full  strengthening  eifect;  in  (2)  the  effect  is  less  and  con- 
tinues to  decrease  to  position  (3),  where,  being  exerted 
across  the  magnet,  there  is  none  at  all  in  the  direction  of  the 
axis;  in  (4)  the  tendency  is  to  diminish  the  strength  of  the 
magnet,  and  this  increases  to  a  maximum  at  (5),  where  the 
poles  are  placed  opposite  to  their  position  in  (i). 

During  oscillation,  the  magnet  B  occupies  a  mean  direc- 
tion similar  to  (i),  while  in  deflecting,  its  position  is  like  (6),. 
but  little  different  from  (3):  thus  B  acquires  different  values 
in  both  experiments,  which  will  not  cancel  in  the  final  equa- 
tions; they  must  be  equalized  by  corrections  for  induction; 
that  for  (letlection  is  extremely  Miia.li,  antl  that  for  oscillation 
the  one  most  to  be  considered. 

Let  represent  the  iiuiuction  due  to  a  fi.eld  of  unit  in- 
tensity in  dynes:  such  a  lield—or  one  q^reater.  or  less — can  be 
excited  inside  a  coil  of  wire  by  sen(HnL;  an  electric  current 
through  it,  and  the  intensity  of  this  field  can  he  accurately 
measured.  Place  such  a  coil  at  right  angles  to  the  magnetic 
meridian  at  a  measured  distance  from  a  short  suspended 
needle,  and  send  a  current  through  it;  observe  the  deflection 
(if  any)  and  the  intensity  of  the  field,  also  the  temperature. 
Then  put  the  magnet  S  inside  the  coil,  send  the  same  current 
through  it,  and  observe  the  same  qtiantities  as  before.  The 
tangents  of  the  angles  of  deflection  in  both  cases  compared 
w>ith  the  tangent  of  the  angle  produced  by  B  alone  at  the 
same  distance,  afford  the  data  for  determining  the  inductive 
effect  of  the  fleld  upon  B\  and  this  may  be  done  and  tabulated 
for  several  intensities  and  temperatures. 

The  horizontal  intensity  at  Washington  is  about  two- 
tenths  of  a  dyne,  and  an  artificial  field  much  stronger  than 
this  may  be  produced  in  a  helix  at  such  distance  from  a  small 
needle  as  not  to  deflect  it,  while  a  magnet  like  B  at  the  same 
distance  would  produce  deflection:  and  it  recjuires  a  field  of 
.'it  least  two  dynes  to  cause  a  f>ermanent  change  in  the  mag- 
netism of  a  glass-hard  steel  magnet. 
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But  whatever  the  value  of  H  (the  Eartli's  field),  its  indue- 
iive  effect  upon  the  permanent  moment  M  of  the  magnet  B  is  in 
dynes  ai  .//;  in  oscUlating,  then,  since  B  has  the  position  (i), 
Fig.  183,  it  is  not  the  result  of  the  moment  M .  H  alone  that 
is  observed  in  the  rate  of  oscillation,  but  of  the  moment 

H(M '\- ,  H),    or   H,m[i  +  ^j^),     .  (48; 

and  in  deHectmg  since  B  has  position  (6),  Fig.  183,  its  mo- 
ment will  be 

^  —    .  //  sin  ^,  (49) 

for  in  Fig.  184  the  twu  magnets  A  and  B  being  at  right 


Flc.  1S4* 


angles  to  each  other,  if  we  resolve  the  horizontal  intensity  oh 
parallel  and  perpendicular  to  the  axis  of  B,  we  have  fh  and  of; 
fh  being  parallel  to  the  axis  of  B,  alone  produces  change  in  the 
deflective  moment  of  B,  and  since  oh  equals  f* .  H,  the  strength 
of  this  particular  field;  whence  expression  (49). 

That  is.  by  Fig.  184,  sin  ^ 
hence 

/// 

or. 


f  <^> 

oA  sln^,  ,  m  «  •  •  •  (5 1) 
li,H,s\ny,    .   .    ,   .  (52) 


Digitized  by  Google 


286'  DBTERMINATiON  OF  THB  MAGNETIC  ELEMENTS, 

^^■here  electrical  means  are  not  available  for  produc- 
ing fields  of  different  intensity,  the  effect  of  the  natural  ter- 
restrial field  can  be  determined  with  the  magnetometer  itself 
as  follows: 


H 


Fig.  185. 


B 


tt) 
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In  Fig.  185  let  the  plane  of  the  paper  represent  a  horizon- 
tal surface  with  the  magnetic  meridian  HH  traced  upon  it;  A 
the  magnet  suspended  in  its  box,  and  (i),  (2),  (3),  (4)  succes- 
^ve  positions  of  B»  placed  vertically  at  right  angles  to  the 
axis  of  A,  with  its  acting  pole  on  a  level  with  A:  the  latter  will 
be  deflected.  In  each  case,  both  before  and  after  deflection, 
bring  the  middle  division  of  the  scale  into  coincidence  with 
the  vertical  wire  of  the  telescope,  and  observe  and  record  the 
horizontal  circle,  to  get  the  ang-le  of  deflection:  in  (i)  with 
the  north  pole  of  B  in  plane  of  paper  and  south  pole  upper- 
most, A  vvill  be  deflected  to  the  west  and  most  strongly,  be- 
cause the  Earth's  induction  on  B  strengthens  its  poles;  in  (2) 
A  will  be  deflected  to  the  west  also,  but  less  than  in  (i),  be- 
cause, while  the  north  pole  is  still  in  the  plane  of  the  paper, 
it  is  now  uppermost  and  the  effort  of  the  Earth  is  to  diminish 
the  magnetism  of  B;  in  (3)  the  south  pole  of  B  is  in  the  plane 
of  the  paper  and  uppermost — A  will  be  deflected  to  the  east, 
and  most  strongly;  and  in  (4)  the  south  pole  is  in  the  plane 
of  the  paper,  north  pole  uppermost  and  the  deflection  will 
still  be  to  the  east,  but  less  so  than  in  (3).  Let  M  represent  the 
permanent  magnetic  moment  of  B  at  the  time  of  observation; 

that  of  A ;  dM  the  change  in  moment  of  B  due  to  the  Earth's 
induction;  and  yj,  y^,  y^,  y^,  the  deflections  in  the  previous 
four  cases  respectively:  then  in  (i)  and  (3),  Fig.  185,  these 
are  due  to  increased  moments,  and  in  (2)  and  (4)  to  dimin- 
ished ones;  or, 


(53) 


and 

M  —  dM  =  7j .  .  ♦ 

Subtracting  laucr  from  former,  we  have 

2dM  —  yx~  y%i 


(54) 


(55) 


whence 


(56) 


(57) 
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Adding  (56)  and  (57), 

zdM  =      -     +  \{y^  -        .  .  (58) 

or 

dJIf  =  i(>',  -  y,  -{-y^  -  y,)  =  dy  \  .    .  (59) 

that  is,  let  the  second  member  of  tliis  equation  equal  dy,  and 
then  it  is  the  mean  value  of  the  change  in  the  angle  of  deflec- 
tion due  to  the  change  dM  in  the  moment  M  of  the  magnet  B. 

Again :  ^(3*1  3^1)  is  deflection  to  the  west,  and 
\{y^  +     to  the  east,  and 

-f  ^t)  -      +  yi)  =      + -  J3  - ^4)  =  ^ ;  (60) 

that  is,  let  the  second  member  of  equation  (60)  equal  y,  and 
then  this  is  the  mean  value  of  the  angle  of  deflection.  Now 
in  each  case,  as  shown  in  Fig.  186,  it  is  the  magnetic  mo- 
ment of  B  acting  at  the  distance  r  on  the  moment  of  A,  that 
balances  this  magnet  against  the  magnetic  moment  of  the 
Earth:  resolving  the  Earth's  moment  H  (or  fH  in  Fig.  186) 
into  two  others,  fg  and  fh,  the  latter  alone  is  effective  in  turn- 
ing ^:  hence  when  eqtiiltbrium  occurs,  we  have 

M,M',r:=M'./k,  (61) 

or 

M,r=/i.  (62) 

The  distance  r  should  be  several  times  the  length  of  the  de- 
Hccting  ma<^net 

Now  in  Fig.  186 

sin y  =.0;  -Si        hence  /It  ^  H .  (63) 
oh  ** 

and  therefore  from  (62), 

M,r=iH.uny  (64) 

Differentiating  this  with  respect  to  the  variables  M  and  y,  we 
have 

r  ,dM  =  H ,  cos  y ,  dy^  ,    •    •    .  (65) 
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dividing  this  by  (64),  we  have 

r .  dM      H*  cos^ .  dy 


whence 


dM 
M 


.    .    •    ,  (66) 


=aCOt^.<(K«  (67) 


Via,  z86. 

That  is  to  say,  the  first  member  of  eq.  (67)  ^tvcs  the  change 

of  moment  of  B  in  terms  of  its  permanent  morncnu 

Both  y  and  dy  are  known  from  (59)  and  (60),  so  that 

is  determined;  but  this  is  the  effect  of  the  vertical  component 
Z  upon  B  as  illustrated  in  Fig.  185,  that  is,  expressing  the 
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vertical  component  iti  dynes  in  terms  of  the  permanent  mo- 
ment of     we  have 

''^^      "-^   (68) 


M 


M  ' 


or  from  (67) 


-jj/  cot  ^ .       .    .  (69) 


whereas  it  is  the  effect  of  the  horizontal  component,  similarly 
}i  .  H 

expressed,  or  —j^j^  on  B,  as  illustrated  in  Fig.  183,  that  is 

wanted.  This  latter  is  found  by  means  of  the  Dip;  for  in 
Fig.  187, 

cot  D  ^  -^  y    or    H  =  Z,cot  D,     ,    .  (70) 


Fig,  187. 


multiplying  both  sides  ot  eq.  (70)  by      it  becomes 


_^_.coti?; 


then  from  (69)  and  (71)  we  have 

/I  .  If 


M 


=  cot  y  'dy ,  cot  Z?, 


(71) 


(72) 
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the  value  required  for  eq.  (48)  as  the  effect  of  induction  on  B 
when  oscillating,  or  in  the  mean  position  B'  in  the  magnetic 
meridian  in  Fig,  187;  and  the  effect  of  the  same  magnet  ivhm 
(Meeting  at  any  angle  kce,  as  at  B'  Fig.  187,  may  be  found 
by  resolving  the  value  in  equation  (72)  parallel  and  perpen- 
dicular to  the  axis  of  B'\  when  the  fonner  component  will  be 
the  effective  one,  producing  induction  at  that  angle. 

5TH.  Moment  of  Inertia. — ^The  force  of  torsion  was 
illustrated  by  the  oscillation  of  a  brass  bar  suspended  by  a 
steel  wire:  let  such  a  bar  be  set  in  motion  and  it  will  swing  to 
and  fro  under  the  influence  of  torsion  of  the  wire  precisely 
as  a  n]ai;nct  would  under  the  influence  of  terresti  id.  niai^net- 
ism.  The  brass  l)ar  will  have  a  certain  rate  of  oscillation,  just 
as  the  magnet  will,  or  the  steel  lube  of  which  the  magnet  is 
made,  would,  if  wliolly  deprived  of  its  magnetism.  Once  set 
in  motion,  the  brass  ])ar  possesses  a  store  of  energy  thai  keeps 
it  going  until  dissipated  by  the  rii^idity  of  the  suspension 
wire,  friction  of  the  jjarts,  and  resistance  of  the  air:  this  po- 
tential energy  may  be  called  the  Moment  of  Inertia — that  is, 
a  kind  of  power  to  keep  going,  or  rather,  inability  to  stop  of 
its  own  accord — the  inertia  of  matter  in  motion  that  still 
keeps  it  moving.  It  is  a  quantity  as  definite  as  any  real  force, 
and  whether  the  moving  mass  be  copper,  steel,  or  ivory,  it 
has  a  period  of  oscillation  as  specific  and  calculable  as  the 
period  of  a  magnet;  and,  in  fact,  inert  though  it  be,  and  due 
to  mere  bulk  and  form  of  steel  in  the  magnet — ^it  is  yoked  to 
its  active  mate — magnetism,  to  produce  the  observed  rate  of 
oscillation  of  the  magnet:  its  quota  must  be  separated  from 
this  observed  rate,  for  it  is  the  portion  due  to  magnetism 
alone  that  we  are  in  quest  of. 

Defined  mathematically,  the  moment  of  inertia  of  a  body 
with  respect  to  an  axis  through  its  center  of  gravity,  round 
which  it  may  oscillate,  is  equal  to  the  sum  of  the  products 
of  two  quantities,  viz..  the  mass  of  the  elemeniar\  p.iiUcles 
and  the  square  of  the  distance  of  each  one  from  the  axis:  or. 
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denoting  the  moment  of  inertia  by  /C,  the  distance  by  A,  and 
the  mass  of  a  i>article  by  ds^  we  have 


in  which  the  integration  is  to  be  extended  to  the  Hmits  of  the 
JtKKiy. 

Many  of  the  corrections  have  a  varying  value  with  differ- 
ent temperatures,  and  the  moment  of  inertia  is  one:  to  be 
specific,  then,  a  standard  temperature  must  be  fixed,  to  which 
all  reductions  are  made;  suppose  it  o**  Centigrade.  With  in- 
creased heat  the  metal  expands,  the  distance  of  each  particle 
becomes  greater,  and  this  alters  the  value  of  /C;  so  that  by 
observing  the  temperature  during  oscillation  and  knowing 
the  coefficient  of  expansion  of  steel,  this  correction  is  readily 
made: 

6th.  Change  ix  magnetic  mc^ment  of  B  due  to  tem- 

pEKATi  RK. — ^  Thc  magnetism  of  every  ma.q"net  varies  with 
liie  tcmpcraiure— increasing  with  coM.  (liinini>liing  with 
waniitli.  and  ahvays  returninjET  to  the  same  condition  at  the 
same  temperatnre:  the  magnetic  moment  is  si)ecific,  then, 
only  when  we  know  the  tempcrnlure  at  which  it  was  deter- 
mined; moreover.  e\  ei  y  niai^iui  lias  its  own  ratit)  of  change, 
dependent  on  the  (|uaHiy  and  teni|><.r  <it  its  steel;  even  this 
ratio  is  not  constant  at  all  temperatures:  and  therefore  the 
peculiarities  of  each  magnet  must  be  experimentally  deter- 
mined. 

This  can  be  done  with  the  magnetometer  itself:  snspend 
A  and  use  B  to  dellect  it.  always  with  the  axes  of  both  at 
right  angles  to  each  other.  Means  are  to  be  provided  for 
surrounding  B  (placed  on  its  carriage)  with  water  at  differ- 
ent temperatures — say,  ice-cold,  the  boiling  point,  and  two 
intermediate  states;  a  thermometer  should  be  immersed  to 
indicate  the  exact  temperature.  At  each  stage,  the  middle 
division  of  the  scale  is  to  be  brought  into  coincidence  with 


(73) 
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the  vertical  wire  of  the  telescope,  the  horizontal  circle  read, 
and  the  magnet  B  turned  so  that  each  pole  will  act  succes- 
sively in  deflecting  A — the  distance  between  the  centers  of 
both  inagfnets  remaining  unchanged. 

As  with  the  effect  of  terrestrial  induction  on  the  moment 
of  B,  the  change  due  to  varying  temperature  is  a  differential 
one,  and  the  analytical  treatm^ent  of  the  matter  is  analogous 
to  that:  here,  as  there,  it  is  the  moment  of  B  that  successively 
changes — here  by  heat»  there  by  induction,  and  at  each 
change  hiklances  A  against  the  Earth's  magnetic  couple:  so 
tliat  o(|uati()ii  (6i)  expresses  the  conthtion  of  cMiuilihriiim, 
and  (''7)  ihe  relaiivc  change  at  (lifferont  tonipcraturcs  in 
terms  nt  the  moment  at  the  standard  temperature.  Both  v 
and  (fx.  in  the  case  of  induction,  are  given  1)v  observation 
of  the  horizontal  circle  at  each  stage  ol'  the  water. 

The  following  is  an  empirical  formula  that  is  quite  ac- 
curate for  calculating  the  correction: 

=  J/,L^(r,  -  T,)  +  ir^(r,  ^  rO>],    .    .  (74) 

■ 

in  which  is  the  magnetic  moment  at  the  standard  tem- 
perature and  Ml  the  observed  moment  at  any  tempera- 
ture T,  above  it. 

Sinct  Mil  =  — ^  (see  Part  Sixth),  thcrctore,  any  de- 

crease  in  M  causes  a  corresponding  mcrease  in  so  that  the 
correction  must  be  applied  to  the  square  of  the  period  of 
oscillation  in  the  inverse  direction. 

7TU.  Graduation  of  the  bar  R. — ^VVhen  an  instrument 
is  purchased,  a  statement  accompanies  it  of  any  defect  found 
by  test  in  the  graduation  of  the  bar  R  used  for  measuring  the 
distances  between  the  two  magnets  in  detleciion  experi- 
ments.  As  the  bar  is  of  metal,  it  becomes  lunger  with  he,it 
and  .shorter  with  cold,  thus  giving  a  variable  distance  with 
different  temperatures:  observing  the  latter  and  knowing 
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the  coefficient  of  expansion  of  the  metal  from  tables  easily 
accessible,  this  correction  is  readily  applied. 

8th.  Distribution  op  magnetism  in  the  magnets  A 
AND  B. — The  "  magnetic  moment "  of  a  bar  and  the  "  mo- 
ment of  the  Earth's  magnetic  couple  "  are  phrases  that  have 
been  frequently  used,  in  this  chapter:  it  now  becomes  neces- 
sary to  acquire  exact  ideas  of  them. 

In  mechanics  a  couple  consists  of  two  equal  forces  acting 
at  the  ends  of  a  lever  in  opposite  directions  so  as  to  give  it 
rotary  motion  round  an  axis  through  its  center — Fig.  i88: 


Fic.  i88. 

the  moment  of  the  couple  is  tlu-  sum  of  tlie  products  of  each 
force  into  the  arm  it  acts  upon,  thus  in  Fig.  i88, 

F.cx F,xd  -  f{cx -\- ^  F.Td,  ,    .  (75) 

and  the  last  form  of  this  expression  is  the  one  usually  detined 
as  the  moment  of  a  couple — ^that  is,  the  product  of  one  of  the 
forcc>  into  the  distance  between  them. 

In  Fig.  189,  the  parallel  lines  represent  the  Earth's  mag- 
netic field  in  which  the  magnetized  bar  NS  is  suspended  hori- 
zontally by  a  thread  and  forcibly  held  at  an  angle  $  with  the 
lines.  Heretofore^  the  magnetism  of  tite  bar  has  been  supposed 
concentrated  in  two  paints — the  poles — one  at  each  end,  and  of 
equal  strength;  denote  this  strength  of  [)ole  by  m\  The  mag- 
netism of  the  field  is  uniform — ^the  same  around  around  5» 
and  at  every  intervening  point;  denote  it  by  H,  The  effort 
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of  the  field  is  to  turn  the  bar  round  the  thread  as  an  axis,  and 
the  appropriate  definition  of  this,  is  a  couple:  the  force  at 
each  end  is  made  up  of  two  components — the  magnetism 


Fig.  189. 


(m')  of  the  bar  and  that  (H)  of  the  Earth;  represent  it  by 
Nf  and  Sf\  but  the  effective  part  of  H  at  right  angles  to  the 
axis  of  the  bar  is  //  sin  ^;  hence  the  effective  force  at  each 
end  is  m'.  fT.  sin  ^,  and  if  the  length  of  the  bar  be  denoted 
by  /,  the  magnetic  moment  acting^  upon  it,  is 

Ml'*  /  •  H « sin  ^.  .    .    .    •    •    •  (76) 

The  product  of  the  strciii^th  of  one  pole  into  the  length 
of  the  bar — or,  m .  I — is  the  magnetic  moment  of  the  bar; 
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and  //.  sin  6*  1)eing  one  of  the  Earth's  two  equal  forces  act- 
ing at  the  same  points— the  poles  of  the  magnet — formSt 
when  multiplied  into  the  distance  between  them,  the  moment 
of  the  Earth's  magnetic  couple  upon  the  bar. 

But  the  supposition  that  the  magnetism  of  the  bar  is  con- 
centrated in  two  points  at  its  ends  is  not  according  to  fact:  the 
actual  condition  is^  that  the  magnetism  is  distributed  through- 
out the  bar,  as  may  be  seen  by  strewing  iron  filings  around 
it:  they  will  cling  in  greatest  quantity  to  its  ends,  and  in  les- 
sening amount  toward  the  middle,  where  scarcely  a  particle 
will  adhere.  This  state  of  affairs  may  be  represented  by  the 
series  of  decreasing  arrows  f*^  f\  Fig.  189,  so  that  every 
pair  of  the  same  size,  one  on  each  side  of  the  middle  point  C, 
constitute  in  combination  with  the  uniform  force  //,  a  couple 
by  itself  with  the  extent  of  bar  between  them  for  a  lever.  It 
is  the  resnk.iiu  »*i  all  ihese  couples  that  is  expressed  by  (76) 
above.  While  this  apiiroxiniales  very  closely  to  the  truth 
as  regards  a  long,  thin  bar  of  very  hard  steel,  magnetized 
carefully  and  regularly, still  we  do  not  know  that  it  will  equally 
well  represent  any  magnet:  the  distrihution,  as  far  as  our 
knowledge  goes,  is  much  accordinfj  to  the  general  case,  but 
we  know  little  about  the  particular  one:  moreover,  when  two 
magnets  are  brought  near  each  other,  as  in  the  deflection 
experiment,  they  disturb  one  another's  distribution,  and  be- 
sides, the  field  of  the  Earth  modifies  both:  therefore,  it  is 
best  to  proceed  upon  no  hypothetical  distribution  or  con- 
centration, but  take  the  actual  one  and  deal  with  it:  the- 
mathematical  means  of  doing  this  is  explained  in  Part  Sixth. 

Some  of  the  foregoing  corrections  together  with  the  con- 
stants that  form  part  of  the  record  of  every  instrument  are 
furnished  with  it  by  the  maker.  The  corrections  are  vari- 
ously combined  by  different  observers  and  tabulated  for  con- 
venience and  saving  of  time.  All  the  formulae  upon  which 
this  problem  is  based  and  their  arrangement  for  practical 
computation  will  be  found  in  Fart  Sixth. 


Digitized  by  Google 


DETERMtNATiON  WITH  THE  KEW  MAGNETOMETER, 

138.  To  determine  the  Variation  with  the  Kew  Magnet- 
ometer.—  The  observation  for  Variation  may  follow  the 
oscillation  experiment,  as  the  instrument  is  still  suitably  ar- 
ranged therefor. 

Referring  to  Fig.  180,  it  will  be  seen  that  A'  is  a  small 
plane  mirror  firmly  fixed  to  an  axle  below  the  level  W\  when 
the  magnet  is  raised  to  the  top  of  the  box  by  the  apparatus 
at  it  leaves  a  clear  passage  for  an  image  of  the  Sun  to  be 
reflected  by  the  mirror  into  the  telescope  L, 

The  mirror  must  be  adjusted  in  three  essential  particulars: 
1st,  its  axle  made  horizontal — vindicated  by  the  level  above  it; 
2d,  its  surface  made  parallel  to  the  axle;  and  3d,  its  plane 
rendered  perpendicular  to  the  line  of  collimation  of  the  tele- 
scope.  The  telescope  is  furnished  with  a  collimating  eye- 
piece, by  which,  when  the  plane  of  the  transit  mirror  is  ver* 
tical.  the  image  of  the  wire  of  the  telescope  will  be  seen  by 
rcllexion.  By  means  uf  the  proper  screws,  ihe  2d  and  3d 
adjustments  may  be  effected  by  making  the  wire  (seen  di- 
rectly) coincide  with  its  rellected  image  before  and  after 
reversal  of  the  transit  axis. 

With  the  magnet  still  drawn  cl<)>e  up  lu  the  top  of  the 
box.  turn  the  u{)i)er  structure  round  its  vertical  axis  and  the 
mirror  on  its  axle  until  the  Sun  appears  in  the  field  of  the 
telescope  approaching  the  vertical  wire;  then  clamp  the  in- 
strument and  read  and  record  the  verniers  of  the  horij^ontal 
circle.  As  each  limb  of  the  Sun  touches  the  vertical  wire, 
note  the  instant  of  contact  by  chronometer,  and  take  the 
mean  as  tlie  time  of  transit  of  the  Sun's  center. 

139.  To  find  the  true  meridian. — From  the  mean  of  the 
observed  times,  the  apparent  time  of  transit  of  the  Sun*s  cen- 
ter— the  hour  angle — may  be  obtained;  and  with  the  declina- 
tion from  the  Nautical  Almanac,  and  the  latitude  of  the  place 
known,  the  true  azimuth  of  the  Sun  may  be  calculated  by 
Napier's  analogies  (Chauvenet's  Trig.,  Ed.  1862,  p.  160,  [42] 
and  [43])  as  follows: 
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tani(^  +  ^  =  ^^^;^;;;;cotK,    .    .  (77) 

.tan«^-i^)==;4^g^jcotK,     •    •  (78) 

^  =  «^  +  Z^)  4-  \{A  -        .  (79) 
The  problem  is  illustrated  by  Fig.  190,  where  SPZ  is  a 


Fte.  190. 


spherical  triangle  formed  by  great  circles  through  the  pole 
of  the  Earth,  the  zenith. of  the  observer,  and  the  Sun:  RKN 
is  the  plane  of  the  horizon  and  Ql^Q'  that  of  the  Kquator;  5" 
is  the  position  of  the  Sun,  C  tiie  hour  aiiL^le,  A  the  true  azi- 
muth. SP  (=  a)  the  polar  distance,  and  PZ  (=  i>)  the  co- 
latitude. 

140.  To  find  the  magnetic  meridian. — The  observation 
of  the  Sun  being  completed,  lower  the  magnet,  unclamp  and 
turn  the  upper  structure  until  the  middle  division  of  the  mag* 
net'Scale  comes  upon  the  vertical  wire,  when  replace  the  mag- 
net by  the  plummet  D  and  let  it  hang  until  all  twist  is  turned 
out  of  the  suspension  thread;  this  will  be  indicated  by  the  little 
bar  of  the  plummet  remaining  steadily  on  the  vertical  wire; 
then  suspend  the  magnet  again,  and  by  means  of  the  tangent- 
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screw  brines  the  central  division  of  the  scale  into  exact  co- 
incidence with  the  vertical  wire;  read  and  record  the  verniers 
of  the  horizontal  circle;  revolve  the  magnet  round  its  own 
axis  thronq;h  180°,  bring  the  central  division  agani  mto  co- 
incidence with  the  vertical  wire  and  read  and  record  the  hori- 
zontal circle:  these  two  readings  will  correct  any  want  of 
coincidence  of  the  magnetic  axis  with  the  middle  division  of 
the  scale.  This  is  shown  in  Fig.  191 :  if  the  magnetic  axis  is 


not  identical  with  the  axis  of  figure,  the  magnet  will  hang  as 
at  -)/'  and  in  order  to  have  the  vertical  wire  coincide  with  the 
middle  division  of  the  scale,  the  telescope  must  be  moved 
out  of  the  magnetic  meridian  HH  by  a  small  angle  to  V\ 
when  the  magnet  is  turned  upside  down,  it  will  swing  as  at 
M'\  and  the  telescope  will  have  to  be  moved  to  T*  at  an  equal 
angle  on  the  other  side  of  the  meridian:  the  mean  of  these 
two  angles  will  give  the  correct  reading  of  the  meridian  on 
the  horizontal  circle,  thus  eliminating  any  irregularity  of  di- 
rection of  the  magnetic  axis  in  the  bar. 


H 


Fic.  191. 
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141.  The  Variation  deduced. — With  the  data  thus  ob- 
tainecl,  the  \'ariation  is  easily  gotten.  Projecting  Fig.  190 
on  the  plane  oi  the  horizon,  it  becomes  Fig.  192:  in  this,  ^ 


R 

Pio.  19s. 


is  the  Sun  when  observed,  and  K  is  the  readiiii^  of  tlie  liorizon- 
tal  circle  corresponcHng  to  the  vertical  plane  through  the 
Sun  and  axis  of  the  telescope;  SZP,  the  true  azimuth  of  the 
Sun,  is  the  angle  A  obtained  by  calculation;  applying  it  to 
the  reading  /C,  we  get  the  point  N  or  reading  of  the  horizon- 
tal circle  corresponding  to  the  true  meridian:  the  point  H 
is  the  mean  of  the  readings  of  the  horizontal  circle  when  the 
middle  division  of  the  magnet-scale  was  observed  in  its  two 
positions — Fig.  191;  it  is  the  direction  of  the  magnetic 
meridian:  henccS  the  difference  of  the  readings  N  and  H  gives 
the  angle  NZH^  that  is,  the  Variation. 

142.  PtecautioBS  to  tftken.— In  all  observations  with 
magnetic  instruments,  keys,  pocket-knives,  steel  frame  eye- 
glasses or  any  other  material  containing  steet  or  iron  should 
be  removed  from  the  observer  and  well  away  from  the  instru- 
ment. 
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^eetton  Five:  To  Detennine  the  Variation  and  Horizontal  Inten- 
aity  ML  Slnie  with  tbe  U.  S.  Coast  Surrey  iUtazimntli 

and  Ifognetonieter. 

This  method  and  the  instruments  used  are  fully  de- 
scribed and  illustrated  in  publications  of  the  U.  S.  Coast  and 
Geodetic  Survey,  Washington,  D.  C,  entitled  "Appendix 
No.  14 — Report  for  1880  "  and  *'  Appendix  No.  8 — Report 
for  1881."  These  can,  no  doubt,  be  had  by  application  to  the 
Superintendent:  it  would  therefore  be  unsatisfactory  to  give 
here  in  abridged  form  what  may  easily  be  obtained  in  its 
■entirety. 

The  Coast  Survey  has  had  long  and  varied  experience  in 

magnetic  observations,  the  results  of  which  are  embodied  in 
its  publications  with  luil  cicUul  and  scientific  accuiac)  .  hence 
to  observers  contemplating  work  of  this  kind — wlio  liave 
both  instrnmems  and  methods  to  choose,  ah  initio — those  of 
the  Coast  Survey  are  accessible,  reliable,  and  practical. 

* 

Section  Six :  Magnetographs  and  Other  Instruments  in  Perma- 
nent Observatories. 

144.  Magnetic  Observatoriea,— In  1806,  Humboldt  es- 
tablished in  Berlin  the  first  magnetic  observatory;  since  then 
they  have  multiplied,  and  to-day  may  be  found  not  only  un- 
der government  control  in  almost  every  capital,  but  also 
connected  with  colleges  in  various  places:  they  dot  the 
globe,  and  their  accurate  and  continuous  records  exhibit 
every  fluctuation  of  the  great  magnetic  atmosphere  sur- 
rounding the  Earth. 

145.  The  Magnetic  Observatory  at  Washington. — Plate 
B  is  a  picture  of  the  U.  S.  Naval  Observatory  at  Washington, 
with  the  Magnetic  Observatory  in  the  foreground;  Plate  C 
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gives  a  view  of  the  magnetic  building  itself  with  the  mound 
on  the  left  that  covers  the  vault  containing  the  magneto- 
graphs;  Plate  D  exhibits  a  section  and  plan  of  both  building 

Plate  D 


and  vault  with  the  pillars  in  the  latter  for  the  instruments. 

The  building  is  of  wood  and  copper^  the  vault  of  brick 
and  concrete,  and  the  piers  for  the  instruments^  granite:  all 
material  was  carefully  tested  magnetically  before  being  used, 
so  that  no  iron  whatever  enters  into  the  construction  or 


Digitized  by  Google 


MAGNBTOGBAPHS  AND  OTHER  INSTRUMENTS.  $07 

equipment.  In  the  vault  means  are  provided  for  a  continu- 
ous supply  of  dry,  pure  air  of  a  nearly  constant  temperature. 

146.  The  Magnetographs. — ^The  principle  of  these  instru- 
ments consists  in  the  movement  of  a  suspended  magnet  being 
delineated  upon  a  roll  of  sensitized  paper  by  the  reflexion 
upon  it  of  a  ray  of  light  from  a  mirror  fixed  to  the  magnet. 

Plate  E  gives  a  general  view  of  the  apparatus  as  mounted 
in  the  vault,  and  Plate  F  an  enlarged  illustration  of  the  most 
important  parts. 

These  magnetog^aphs,  the  building  shown  in  Plate  C,  and 
the  large  variation  magnet,  Plate  with  some  other  instru* 
ments,  form  the  establishment  and  equipment  of  the  Mag- 
netic Observatory  for  the  Government  as  de>igiied  and  partly 
carried  out  by  the  writer  of  this  Treatise,  anrl  to  which  refer- 
ence lias  been  made  in  another  part  of  the  w  i  rk. 

In  the  description  tliat  follows  of  Plates  E  and  F.  the  same 
figures  and  letters  aj)i)ly  to  identical  parts  in  both:  (i), 
(2),  and  (5)  represent  magtiets  \  ariously  susi)cikUhI  and  cov- 
ered by  q^lass  receivers;  these  re>t  on  circular  brass  boxes, 
the  beariiiL,^  surfaces  being  ground  sniooili.  and  the  air  ex- 
hausted from  the  receivers,  *;o  that  the  magnets  move  in 
vacuo.  Certain  fittings  accompany  each  magnet,  whose 
function  is  the  same  for  all:  viz.,  a  copper  frame  D  in  which 
electric  currents  are  excited  by  the  motion  of  the  magnet, 
that  reduce  and  steady  its  oscillations;  a  circular  plane  mir- 
ror M,  in  two  parts — one  firmly  attached  to  the  magnet  and 
so  moveable  with  it,  the  other  fixed  to  a  stationary  support; 
a  gas  flame  L  whose  rays  are  concentrated  by  means  of  vari- 
ous lenses  into  a  short  line  of  light  that  proceeds  through  the 
pipe  P  to  the  mirror,  and  is  thence  reflected  through  the  tube 
T  upon  a  roll  of  photographic  paper  in  the  box  K\  a  tele- 
scope H  with  graduated  scale  S  for  observing  directly  the 
magnet's  position.  . 

The  rolls  of  paper  are  revolved  by  clock-work,  as  seen 
in  (4),  and  in  addition  to  the  traces  of  the  magnet's  oscil- 
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lation,  time  and  temperature  curves  are  also  photographed 
upon  them:  thus  side  by  side  all  the  connected  phenomena 
are  continuously  and  automatically  recorded. 

I£  the  magnet  remains  at  rest  and  the  roll  of  paper  turns, 
the  spot  of  reflected  light  imprints  a  trace  at  right  angles  to- 
the  axis  of  the  revolving  cylinder,  which  is  a  straight  line 
when  the  paper  is  unfolded;  if  the  cylinder  remains  quiet  and 
the  magnet  moves,  the  line  is  parallel  to  the  axis  of  the  cylin- 
der and  of  a  length  equal  to  the  amplitude  of  the  magnet's 
motion:  if  both  cylinder  and  magnet  move,  the  line  is  a 
zig-zag. 

At  (i)  is  the  variation  magnet:  it  is  suspended  by  a 
single  fiber  and  has  freedom  of  niovcnient  in  a  horizontal 
plane:  tlie  upper  halt  of  the  mirror  is  fixed  to  it  by  a  stem 
passing  through  a  hole  in  the  copper  frame,  and  the  lower 
half  to  the  bottom  of  the  box  with  its  plane  set  at  a  known 
angle  with  the  true  meridian;  tlic  light  reflected  from  this 
half  draws  a  straight  line  on  one  of  the  two  horizontal  rolls 
— the  base  from  which  measurements  r^re  mnde  to  the  zig- 
zag line  traced  by  the  upper  half  of  the  nnrror.  These  meas- 
ured distances  are  the  relative  positions  of  the  magnetic 
meridian — in  fact  the  relative  successive  values  of  the  Varia- 
tion at  the  times  recorded  beside  them:  to  make  these  abso- 
lute values,  all  that  is  necessary  is  to  compare  any  one  of  them 
with  the  Variation  determined  at  the  same  time  by  the  large- 
vanation  magnet  in  Plate  G. 

At  (2)  is  the  horizontal  intensity  magnet:  the  suspen- 
ston  is  by  a  fine  steel  wire  that  passes  round  the  groove  of 
a  small  wheel  on  top  of  the  magnet,  and  then  has  both  ends 
fastened  at  O  to  a  horizontal  screw,  at  a  distance  apart  equal 
to  the  diameter  of  the  wheel ;  thus  the  magnet  is  in  reality 
suspended  by  two  wires — the  bifilar  suspension — ^both 
equally  tight  at  all  times. 

The  suspension  has  such  direction  that  the  magnet  is  held 
approximately  at  right  angles  to  the  magnetic  meridian — ^a 
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sensitive,  unstable  position.  The  principle  of  this  instrument 
is  one  that  has  already  been  described — the  balancini^^  of 
magnetism  against  another  force.  If  a  heavy  beam  be  hung 
by  two  ropes,  one  near  each  end,  it  will  settle  into  the  verti- 
cal plane  through  the  ropes;  if  the  beam  be  forcibly  turned 
round  a  vertical  axis  midway  between  the  ropes,  it  will  tend 
to  return  to  its  former  position  o!  rest  with  a  force  inversely 
proportional  to  the  length  of  the  ropes,  and  directly  to  their 
distance  apart  and  directly  also  to  the  ^ne  of  the  angle  of  de- 
flection and  to  the  weiglit  of  the  beam:  and  this  directive 
force,  whatever  one  chooses  to  call  it — gravity,  or  weight  of 
the  beam,  twist  of  the  ropes,  or  both  combined — ^is  precisely 

.  what  acts  on  the  steel  bar  of  bifilar  suspension  to  keep  it 
across  the  meridian,  while  the  Earth's  horizontal  intensity, 
actin^^  on  ihc  inagiicLisni  of  the  same  bar,  tciuU  to  turn  it  par- 
allel to  the  meridian.  The  balance  of  these  two  forces  deter- 
mines the  direction  of  tlie  niaf,nictic  bar,  and  so  it  will  lie  as 
lon<;  as  they  are  ecpial.  The  weight  of  the  bar,  its  magnetic 
moment,  and  the  twisting  force  of  the  suspension  wires  or, 
briefly,  the  force  of  direction  may  (with  i)roper  corrections) 
he  considered  invariable;  this  all  on  one  side  of  the  balance: 
that  on  the  other — the  Earth's  horizontal  intensity  is  ever 
waxing  and  waning,  and  hence  the  position  of  equilibrium  of 
the  magnet  is  constantly  changing,  and  the  mirror  attached 
to  the  magnet  flashes  these  cbp  t  ges  upon  the  roll  of  paper  in 
(4)  where  they  are  photographed  in  a  sinuous  curve.  Meas- 
ured from  the  base  line  traced  by  the  lower  half  of  the  mirror, 
these  may  be  converted  into  absolute  measure  by  comparison 
of  any  one  of  them  with  the  intensity  determined  at  the  same 
time  by  oscillation  and  deflection  experiments  with  the 
unifilar  magnetometer. 

At  (3)  is  the  vertical  intensity  magnet — ^a  steel  bar  with 
a  knife-edge  axle  that  rests  on  agate  rails  and  is  provided 
with  means  of  delicately  and  accurately  balancing  it  in  a  hori- 

.  zontal  position  previous  to  magnetization  and  also  after- 
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wards.  The  final  adjustment  is  such  that  the  center  of  grav- 
ity of  the  system  is  slightly  below  the  center  of  suspension, 
the  effect  of  which  is,  that  the  more  tlie  magnet  is  drawn 

down  from  a  level  position  by  the  vertical  magnetic  intensity, 
tlic  greater  is  the  mechanical  moment  of  the  l)ar  to  bring 
it  hack:  the  latter  is  constant — tiie  former  \arial>le,  so  that 
the  continued  balancim^  of  the  two  makes  the  i)ar  move  up 
and  down — a  motion  that  is  retlected  by  the  mirror  on  the 
vertical  roll  of  paper  in  (4)  and  there  photographed  as  a 
serrated  line. 

Plate  H  is  a  reproduction  from  an  actual  photographic 
record  for  two  days  each  of  the  Variation  and  the  Horizontal 
Intensity.  Sometimes  these  curves  are  quite  even  and  regu- 
lar, indicating  a  quiescent  magnetic  atmosphere;  and  again, 
when  a  magnetic  storm  is  raging,  o!  which  an  example  will 
be  given  in  the  next  chapter,  they  are  serrated,  jagged,  and 
irregular  in  strict  conformity  to  the  violent,  writhing  condi- 
tion of  the  magnetic  medium.  The  straight  lines  at  the  bot- 
tom of  the  Plate  are  the  base  lines,  with  the  hours  of  the  day 
spaced  along  them. 

Of  late  years,  the  records  of  magnetic  observatories  have 
been  greatly  vitiated  by  the  proximity  of  electric  street  rail- 
ways, and  in  some  cases  to  such  extent  as  to  cause  entire 
suspension  of  tiie  records:  the  electromagnetic  waves  eman- 
ating from  the  operating-  current  aJ'teci  the  instruments  and 
mask  the  natural  movements  of  tlie  magnetic  medium. 

In  (iermany.  objection  has  been  made  to  electrical  rail- 
ways with  overhead  sui)i)!y  and  rail  return  coming  within  a 
rarlius  of  fifteen  kilometres  of  a  magnetic  observatory:  and 
the  delicacy  of  the  instruments  at  the  l*otsdam  Observatory 
is  such  that  the  influence  of  a  cut-up  continuous  current  has 
been  detected  at  a  distance  of  seventeen  kilometres. 

147.  Instruments  for  absolute  measurements. — The  ab- 
solute instruments  are  to  the  curves  of  the  magnetographs' 
what  the  "  mean  sea-level  "  is  to  the  rise  and  fall  of  the  ocean 
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recorded  by  automatic  tide-gauges — a  standard  of  reference. 
PeriodicaUy,  observations  are  made  directly:  of  the  Varia- 
tion with  the  instrument  shown  in  Plate  G;  of  the  Dip  with 
the  Barrow  Circle;  and  of  the  Horizontal  Intensity  with  the 
Kew  Unifilar  Magnetometer.  The  Dip  is  not  recorded 
graphically — ^but  observed,  and  also  calculated  by  the  follow- 
ing formula  from  simultaneous  values  of  the  horizontal  and 
vertical  intensity  given  by  the  magnetograph  curves, 

Z 

tan     =  ^  (80) 

The  Total  Intensity  is  neither  observed  nor  graphically 
recorded,  but  calculated  from  simultaneous  values  of  the 
horizontal  and  vertical  intensity  given  by  the  magnetograph 
curves,  by  this  formula, 

T  =  i/N*  +  ZK  (81) 

As  stated  previously,  one  point  of  the  curve  of  Variation 
or  Intensity  being  fixed  in  absolute  measure  by  direct  com- 
parison with  a  determination  of  the  same  element  at  the  same 
time  by  an  absolute  instrument*  all  other  parts  of  the  curve 
— ^at  hourly  intervals,  for  instance — become  readily  converti- 
ble into  absolute  measure;  and  this  is  the  way  in  which 
tables  of  the  elements  are  made  up. 

Methods  of  determining  the  Dip  and  Intensity  have  been 
given  in  previous  articles:  it  only  remains  to  describe  the 
absolute  variation  instrument  of  Plate  G. 

The  maj^ncL  is  a  rcclantrular  bar.  12  inches  by  1.25  iiiclics 
by  O.J  inch — suspended  by  >i!kcu  liliers  fastened  to  a  torsion 
circle  at  the  top  ot  a  thick  l^I.i^s  tube  60  inches  long;  the 
mai^net  has  sliding  weights  and  small  levels  for  adjusting  it 
to  lioi  izoiuality,  and  it  swings  in  a  brass  box  with  glass  ends. 
At  the  middle  point  of  the  Tnngnet  there  i>  a  metal  '^trap  with 
two  studs  for  suspension  points — one  above,  the  other  below. 
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SO  that  the  mag^net  may  be  turned  for  observations  erect  and 
inverted  to  correct  for  irregularity  of  magnciic  axis.  A  pure 
cuj)pcr  frame  surrounds  it  to  reduce  and  steady  its  move- 
ment; and  a  small  mirror  with  screws  for  accurate  adjust- 
ment is  attached  to  its  south  end. 

The  theodolite  for  observing  the  magnet  is  mounted  on 
a  brass  block  which  travels  east  and  west  by  means  of  a  large 
screw,  on  rails  embedded  in  another  block  of  brass  secured 
to  the  top  of  the  pier:  the  pier  is  some  distance  from  the 
magnet.  The  horizontal  circle  of  the  theodolite  is  lo  inches 
diameter  and  can  he  read  to  seconds  by  two  micrometers. 
On  the  north  side  of  the  theodolite  pier,  just  above  the  floor, 
is  a  curved  scale,  of  radius  equal  to  its  distance  from  the  sus- 
pension thread:  the  scale  has  adjusting  screws  and  levels. 
From  the  frame  of  the  theodolite  a  plumb  bob  is  suspended 
so  as  to  hang  in  front  of  the  object-glass  of  the  telescope,  the 
point  of  suspension  having  a  small  lateral  motion  by  means 
of  a  screw. 

To  determine  the  Variation  with  this  instrument,  a  num« 
ber  of  adjustments  and  corrections  have  to  be  made  prelimi- 
nary to  the  chief  work,  which  consists  of  two  parts:  ist,  to 
determine  the  reading  of  the  horizontal  circle  of  the  theodo- 
lite corresponding  to  the  true  meridian;  and  2d,  a  similar 
reading  for  the  magnetic  meritlian;  the  difference  of  the  two 
is  the  \  ariation  at  the  instant  of  observation  of  the  magnetic 
meridian. 

The  true  meridian  is  found  from  transits  of  the  slar^^.  and 
the  magnetic  meridian  by  observing  the  scale  divisions  re- 
flected by  the  magnet  mirror  across  the  vertical  wire  of  the 
eye-piece  of  the  telescope  as  it  oscillates  to  and  fro,  and  tak- 
ing the  mean  of  a  sufficient  number  each  way  to  give  an  accu- 
rate result,  the  reading  of  the  horizontal  circle  of  the  theodo- 
lite corresponding  to  this  mean  being  the  required  direction 
of  the  magnetic  meridian. 
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SUN-SPOTS;    AURORAS:    ELECTRIC    DISCHARGES  IN 
HIGH  VACUA;  MAGNETIC  STORMS;  AND 
TELLURIC  CURRENTS.  ' 


SectiOE  One :  Sa]i^pot»~Thdr  Aspect,  Kotiinit  LifetiiiWf 
Spectrnni,  P«rtodicit7»  and  Came. 

148.  The  Spectrompe.— The  phenomena  treated  in  this 
Chapter  have  received  such  elucidation  from  researches  with 
the  spectroscope  and  the  application  of  Doppler's  Principle, 
that  a  brief  description  of  both,  preliminary  to  the  main  sub- 
ject, seems  desirable. 

The  spectroscope  has  a  variety  of  forms,  but  the  principle 
of  all  may  be  illustrated  by  Fig.  193:  it  consists  of  three  parts. 


Fte.  199. 


the  collimator  C  for  directing:  liq^ht  from  a  source;  the  prism 
P  for  flecomposfnt^  it;  and  the  telescojje  T  for  examining  in 
detail  the  spectrum  thus  formed.  The  light  enters  tl>e  aper- 
ture s  and  emerges  in  parallel  rays  from  the  lens  A,  thence 
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following  the  course  indicated,  to  tlic  eye.  The  aperture  may 
be  of  any  form,  but  a  narrow  slit  of  variable  width  is  tiie  usual 
one — it  admits  a  li)ic  of  light.  Suppose  this  to  be  a  single 
color — red;  it  has  a  delinite  refrangibility,  and  therefore,  after 
traversing  the  prism,  will  appear  to  the  eye  at  a  certain  point 
as  a  narrow  line,  which  is  the  exact  size  of  the  slit. 

Let  the  light  be  orange — ^a  mixture  of  red  and  yellow: 
these  colors  have  different  refrangibility,  the  prism  will  sep- 
arate them,  and  the  eye  will  perceive  two  narrow  lines — one 
red,  the  other  yellow,  with  a  space  between.  Let  the  light 
be  composed  of  many  colors — ^then  the  prism  will  assign  to 
each  the  exact  point  its  refrangibility  requires,  and  the  eye 
will  see  a  corresponding  number  of  variegated  lines  spaced 
apart  like  the  pickets  of  a  fence.  If,  however,  the  light  be 
that  of  a  candle,  composed  of  all  shades  of  every  color,  then 
each  will,  as  before,  be  refracted  to  its  proper  point,  but  they 
pass  by  such  insensible  gradation  one  into  another,  that  they 
blend  into  a  continuous  ribbon  of  every  hue. 

Each  shade  of  every  color  has  a  specific  wave-length — so 
many  tcn-millioiuhs  of  a  milhmetre  (the  unit  being  one  ten- 
millionth),  by  which  it  is  desii^natecl:  thus,  a  particular  shade 
of  incandescent  hychoL^en  is  known  as  A  3970.2.  meaning 
thereby  that  this  wave-length  X  is  3970.2  ten-miliionths of  a 
millimetre. 

if  any  wave-length  or  shade  of  color  be  specially  abun- 
dant in  a  sheaf  of  rays,  its  line  or  place  in  the  spectrum  will 
be  more  brilliant  than  the  others;  and  if  any  be  wholly  ab- 
sent, its  line  will  be  dark:  the  entire  solar  spectrum  is 
crossed  by  dark  lines,  showing  that  certain  shades  of  color  or 
wave-lengths,  originally  proceeding  from  the  photosphere, 
are  absorbed  by  the  reversing  layer,  or  envelope  of  compara- 
tively cooler  gas,  that  lies  above  and  about  the  self-luminous 
clouds  composing  the  solar  disc.  It  is  not  the  prismatic  col- 
ors alone  that  form  the  spectrum  of  the  Sun,  but  there  is  a 
great  range  of  ultra-violet  rays  that  only  photographic 
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processes  reveal,  while  an  exceedingly  long  stretch  of  infra- 
red beams  becomes  known  only  by  tliat  sensitive  heat-nerve 
called  the  bolometer. 

149.  Doppler's  Principle. — The  pxkh  of  a  tuning-fork  or 
other  sounding  body  is  dctcrnimcd  by  the  interval  between 
the  successive  pulsations  of  air  from  it  that  reach  the  ear:  if 
the  interval  is  small,  the  pitch  is  high — ^if  large,  low;  and  it 
is  evident  that  this  interval  may  be  varied — lengthened  or 
shortened — by  the  motion  either  of  the  listener,  or  the  sound- 
ing body,  or  both,  away  from,  or  toward,  each  other.  Con- 
versely, if  the  pitch  is  changing,  we  may  thereby  infer  the 
direction  of  motion  of  the  body  that  gives  out  the  pulsations: 
without  seeing  a  locomotive,  we  may  know  that  it  is  ap- 
proaching if  the  whistle  grows  shriller,  or  speeding  away,  if 
graver. 

So  with  light:  it  is  produced  by  pulsations  of  ether  upon 
the  eye  as  sound  is  by  air  upon  the  ear;  each  shade  of  color 
has  a  definite  wave-length  and  frequency  of  pulsation  per 
second — a  certain  pitch,  as  it  were. 

Varying  this,  will  change  the  tint — move  ii  up  toward  the 
\  iolet  or  down  toward  the  red  of  the  spectrum;  and  hence  if 
in  the  spectroscope  I  pointed  tow  ard  the  Sun)  we  see  the  lines 
of  hydrogen,  for  instance,  displaced,  and  note  by  compari- 
son with  the  lines  of  the  same  gas  rendered  incandescent  in 
a  vacuuni-tiihe.  the  direction  f>f  the  displacement — toward 
the  violet  or  tiie  red — we  know  that  in  the  former  case  the 
mass  of  heatetl  gas  in  the  Snn  is  approaching,  and  in  the  latter 
that  it  is  receding:  it  is  the  parallel  of  the  shrill  and  the  grave 
shriek  of  the  locomotive;  and,  as  with  the  engine,  its  speed 
must  bear  some  approximation  to  the  velocity  of  sound,  so 
with  the  rushing  gas,  its  apparently  drifting  movement  must 
really  approach  a  very  high  rate  of  speed.  With  the  immense 
distance  of  the  Sun  as  a  basis  for  calculation,  the  observed 
slow  motions  on  its  surface  are  converted  into  actual  move- 
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ments,  and  thus  we  arrive  at  those  astounding^  solar  veloci- 
ties that  seem  incredible  by  their  enormity. 

In  the  unceasing  whirl  of  the  solar  mass  on  its  axis,  one 
part  is  forever  moving  toward  us  and  the  other  away  from 

us;  and  even  this  produces  a  slight  displacement  of  certain 
5pectnnii  lines,  w  liich.  being  interpreted,  shows  that  the  gyra- 
tory velocity  of  each  part  is  about  1. 16  miles  a  secDud— a 
slow  speed  for  the  Sun,  where  velocities  attain  two  hundred 
miles  a  second. 

150.  Sun-spots.  —  Dark  j)atches  were  seen  on  the  Sun 
even  I)efore  the  iiuention  of  the  lelescojje;  i»iit  with  the  ad- 
vent oi  that  instrument,  they  l)ecame  an  abject  of  study — at 
first,  spasmodically  and  through  curiosity — but  of  recent 
years  continuously  and  with  system,  as  affording  evidence  of 
the  constitution  of  the  Sun  itself. 

A  typical  sun-spot  consists  of  a  black  central  area — the 
umbra;  surrounded  by  a  broad  ring  of  irregular  shape — ^the 
penumbra,  made  up  of  slightly  luminous  filaments  pointing 
radially  inward:  and  beyond  this  the  ordinary  solar  surface: 
the  whole  has  the  aspect  of  a  dark,  deep  cavern  overhung 
with  boughs  and  bushes  phosphorescent  with  light. 

Examined  closely,  however,  the  umbra  is  found  to  consist 
**  of  cloudy  masses  of  a  brilliance  really  intense,  and  dark  only 
by  contrast  with  the  intenser  brightness  outside."  (Prof.  C. 
A.  Young.) 

If  a  spot  were  watched  throughout  the  cycle  of  its  exist- 
ence, we  should  see  the  brii^ht  granules  at  the  tips  of  the 
pcnuniltra!  filaments  apparently  sink  and  dissolve,  and  fresh 
portions  replace  them— a  continual  indranght  would  seem  in 
progress  all  o\er  tlie  ]>ennnibra.  and  tlie  >pot  would  change 
form  and  size  tlaily  and  perhaps  even  hourly:  meanlinie,  it 
wntdd  move  from  east  to  west,  and  eventually  disa|)i)ear  as  a 
mere  dark  line  over  the  western  edge,  to  appear  again,  a 
fortnight  later,  on  the  eastern  limb.  But  quite  as  often  as 
not,  spots  are  seen  only  once,  vanishing  completely  ere  the 
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Sun  makes  a  full  revolution.  The  average  lifetime  is  two  to 
three  months,  and  the  longest  yet  known  was  eighteen 
months.  They  seldom  come  singly,  but  in  groups. 

There  is  no  regular  process  of  formation  of  a  spot — ^it  is 
both  gradual  and  rapid — ^sometimes  the  work  of  a  day,  and 
again  of  weeks:  a  disturbance  becomes  manifest  by  the  ap- 
pearance of  minute  black  dots;  these  enlarge,  with  grayish 
patches  between,  as  if  a  dark  mass  lay  screened  below  a  thin 
straluni  uf  hiniinnus  filametUs;  the  \-eil  grows  thinner  and 
vanishes,  (lisclosint^  the  completed  spot. 

When  its  end  ai)pr()aches,  the  surrounding  photosj)here 
seems  to  crowd  in  upon  the  penumbra,  bridi^es  of  dazzHng 
light  push  across  tlic  unil)ra,  the  i)cnunibral  filaments  liecome 
contused,  and  the  luminous  matter  seems  to  tumble  pell-mell 
into  the  ciiasni:  the  aL,diaiion  gradually  subsides  and  the  spot 
is  gone.  At  times,  though  very  rarely,  a  different  phenome- 
non of  the  most  startling  character  appears  with  spots: 
patches  of  intense  brightness  suddenly  break  out,  remain  visi^* 
ble  a  few  minutes,  and  move  with  a  velocity  as  great  as  one 
hundred  miles  a  second, 

"  In  a  few  instances  these  gaseous  eruptions  near  a  spot 
are  so  powerful  and  brilliant  that  with  the  spectroscope  their 
forms  can  be  made  out  on  the  background  of  the  solar  sur- 
face in  the  same  way  that  the  prominences  are  seen  at  the 
edge  of  the  Sun.  In  fact,  there  is  probably  no  difference  at 
all  in  the  phenomena,  except  that  only  prominences  of  most 
unusual  brightness  can  thus  be  detected  on  the  solar  surface. 
An  occurrence  of  this  kind  fell  under  my  [Prof.  C.  A. 
Young's]  observation  on  Sept.  28,  1870.  A  large  spot 
showed  in  the  spectrum  of  its  umbra  all  the  lines  of  hydro- 
gen, magnesium,  sodium,  and  some  others,  reversed. 

"  Suddenly,  the  hydrogen  lines  grew  greatly  brighter,  so 
that  on  opening  tlie  slit  of  the  >peetroscope.  two  immense 
luminuus  cloufls  could  be  made  out.  one  of  them  nearly  1,^0.- 
000  miles  in  length  by  some  20,000  miles  in  width,  the  other 
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about  half  as  long.  They  seemed  to  issue  at  one  extremity 
from  two  points  near  the  edge  of  the  penumbra  of  the  sun- 
spot,  remained  \  isible  about  twenty  minutes  and  then  faded 
gradually  away.'*  The  protuberances  are  most  numerous  in 
the  solar  latitudes  precisely  where  the  spots  are  most  abun- 
dant, but  they  do  not  cease  in  lat.  40**,  as  the  spots  do. 

Besides  moving  with  the  mass  of  the  Sun,  the  spots  them- 
selves move  along  its  surface;  and  they  are  practically  con- 
fined to  two  belts,  one  on  each  side  of  the  Sun*5  equator, 
between  latitudes  lo**  and  35^  By  the  motion  of  the  spots 
the  time  of  revolution  of  the  Sun  has  been  determined:  but  it 
has  no  orte  definite  period  as  the  Earth  has;  equatorial 
regions  complete  a  revolution  in  less  than  25  days;  the  zone 
of  latitude  20"  in  about  25!  days;  that  of  30°,  in  264  days; 
and  of  lat.  45°  in  27^:  this  is  another  feature  contirinatory  of 
the  Sun  hciii.u  a  <;aseous  body,  for  no  solid  mass  could  have 
such  a  variable  time  of  rcvulutiuu  of  its  different  |)arts. 

*' Tlie  spectrum  of  a  spot  tends  lu  show  that  the  dark 
portion  is  a  cavity  tilled  with  gases  and  vapors  which  pro- 
duce the  obscuration,  in  part  at  least,  by  absorliing  the  light 
emitted  from  the  iloor  uf  the  depression.  At  times,  the  spec- 
trum of  a  spot  gives  evidence  of  violent  motion  in  the  over- 
lying gases,  by  distortion  and  displacement  of  the  lines.  In 
such  cases  it  often  happens  that  lines  side  by  side  are  afTected 
in  entirely  ditterent  ways — one  will  be  greatly  displaced 
while  its  neighbor  is  not  disturbed  in  the  least,  showing  that 
the  vapors  which  produce  the  lines  are  at  different  levels,  and 
do  not  participate  to  any  great  extent  in  each  other's  move- 
ments."  (Prof.  C  A.  Young.) 

Between  1825  and  1851  the  face  of  the  Sun  was  closely 
watched  every  day  and  a  complete  record  obtained  of  the 
spots  appearing  during  that  time:  it  disclosed  the  unex- 
pected fact  that  there  is  a  periodicity  of  maxima  and  minima 
in  the  number  of  the  spots. 

Then  the  record  of  every  spot  for  years  was  ferreted  out 
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of  its  dusty  abode,  all  were  systematically  classified,  and  the 
result — given  in  Table  22 — confirmed  not  only  the  fact  of 

Table  22. 

years  of  maxima  and  minima  of  sun-spots,  and  rela- 
tive numbers  indicative  of  the  frequency  of 
spots  in  those  years. 


■  ears 

1  CAis 

1 

ivCidtivc  1 

•  ears 

Relative 

of  Muinu. 

Numfaeim. 

of  Miaioia. 

of  Masima. 

16x0 

X75S 

to 
86 

161$ 

1761 

16X9 

1766 

II 

J636 

1769 

106 

1634 

1775 

7 

154 

.  1639 

1778 

164s 

1784 

10 
133 

1649 

1787 

I6S5 

tC6o 

179S 

1804 

4 

73 

1666 

1810 

0 

167s 

1816 

1679 

j  1823 

a 

1685 

1830 

7* 

US9 

1833 

8 

1693 

1845 

1837 

138 

1698 

XX 

170$ 

49 

184S 

124 

1712 

0 

1856 

4 

1718 

51 

i860 

96 

1733 

10 

1867 

7 

1870 

I7«7 

90 

139 

1733 

5 

1878 

5 

1730 

S3 

1883 

64 

1744 

S 

1889 

G 

83 

1750 

periodicity  already  stated,  hut  chang:ed  its  time  only  slightly: 

the  mean  \  alue  is  eleven  and  one-ninth  years,  with  some  vari- 
nliilitv  (»n  account  of  ditticulty  in  fixing  the  dates  of  the  larg- 
est and  >niallcst  nunil)er  of  spots. 

Resides  this  mere  alternation  of  varying  number,  another 
fact  was  brouL^lu  out  by  the  Table,  namely,  that  the  inter- 
val from  a  minimum  to  the  next  following:  maximnni  is  only 
about  4.5  years  on  the  average,  while  from  the  maximum 
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to  the  next  following  mimimum  the  interval  is  6.6  years  ** — 
that  is,  '*the  disturbance  which  produces  the  spot  bp  rings 
up  suddenly,  but  dies  away  gradually."   (Prof.  Young.) 

Of  the  many  theories  that  endeavor  to  account  for  sun- 
spots,  the  following  by  Prof.  Young  seems  to  me  to  ai)peal 
most  to  the  reason:  **  that  they  are  depressions  in  the  photo- 
spheric  level  caused,  not  directly  by  the  pressure  of  the 
eruiJted  materials  from  ai)Ovc,  but  by  the  diminution  of  up- 
ward i)ressure  from  below,  in  conse(juence  of  eruptions  in 
the  nei.G^liborhood:  the  Spots  thus  beuig,  so  to  speak,  sinks 
in  the  photosphere. 

*'  Undoubtedly  the  photosphere  is  not  a  strictly  continu- 
ous shell  or  crust,  but  it  is  heavy  as  compared  with  the  un- 
condensed  vapors  in  which  it  lies,  just  as  a  rain-cloud  in  our 
terrestrial  atmosphere  is  heavier  than  the  air,  and  it  is  proba- 
bly continuous  enough  to  have  its  upper  level  affected  by  any 
diminution  of  pressure  below. 

The  gaseous  mass  below  the  photosphere  supports  its 
weight  and  that  of  the  products  of  condensation  which  must 
always  be  descending  in  an  inconceivable  rain  and  snow  of 
molten  and  ciystallized  material. 

"  To  all  intents  and  purposes,  though  nothing  but  a  layer 
of  clouds,  the  photosphere  thus  forms  a  constricting  shelly 
and  the  gases  beneath  are  imprisoned  and  compressed. 

"  Moreover,  at  a  high  temperature  the  viscosity  of  gases 
is  vastly  increased,  so  that  quite  probably  the  matter  of  the 
solar  tnicleus  resembles  ]jitch  or  tar  in  its  consistency  more 
than  wliat  we  usually  think  of  as  a  gas.  Consequently,  any 
sudden  ilimiiuition  of  pressure  would  propagate  itself  gradu- 
ally from  the  point  where  it  occurred. 

"  W'lionever  a  free  outlet  is  obtained  throuL,di  the  jdioto- 
sphere  at  any  ])oint,  thus  decreasing  ilie  inward  ])rcssurc.  the 
result  would  be  the  sinkinpf  of  a  portion  of  tlie  photosphere 
somewhere  in  the  immediate  neighborhood  to  restore  the 
equilibrium;  and  if  the  eruption  were  kept  up  for  any 
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length  of  time»  the  depres8i<m  in  the  photosphere  would  con- 
tinue till  the  eruption  ceased.  This  depression,  filled  with 
the  overlying  gases,  would  constitute  a  spot.  Moreover,  the 
line  of  fracture,  if  we  may  call  it  so,  at  the  edges  of  the  sink 
would  be  a  region  of  weakness  in  the  photosphere,  so  that  we 
should  expect  a  series  of  eruptions  all  around  the  spot.  For 
a  time  the  disturbance,  therefore,  would  j;ro\v.  and  the  spot 
would  enlarge  and  deepen  until,  in  spite  of  the  viscosity  of 
tiie  internal  g^ases,  the  equilibrium  of  i)ressure  was  gradually 
restored  beneath.  So  far  as  we  know  the  spectroscopic  and 
visual  phenomena,  none  of  them  contradict  this  hypothesi:.." 
No  satisfactory  explanation  has  ever  been  given  of  the  regu- 
lar periodical  variation  in  number  of  the  sun-spots. 

Section  Two  :   Auroras — Their  Varieties,  Colors,  Spectrum^ 
Extent  of  Visibility,  Height  above  Earth,  Periodicity, 

and  Theory. 

151.  Auroral  forms  and  hues. — There  are  many  lumin- 
ous conditions  of  the  sky  in  polar  regions,  both  austral  and 
boreal,  from  the  mere  diffused  light  without  rays,  to  forms 
of  definite  shape — arches  like  rainbows;  streamers  converg- 
ing to  a  crown;  draperies  like  flags  floating  in  the  breeze; 
and  fan-shaped  radiations:  all  are  called  auroras, and  the  sum- 
mits of  every  kind  are  either  in  the  magnetic  meridian,  or 
not  far  from  it,  while  the  beams  are  generally  parallel  to  the 
direction  of  the  dipping-needle. 

Auroras  are  often  of  the  most  brilliant  colors — crimson 
toward  the  lower  contour,  yellow  in  the  middle,  and  green- 
ish blue  above — ^all  soft  and  delicate  tints. 

So  gauzy  is  their  substance  that  stars  may  be  seen 
throui;li  them,  and  when  undulating,  as  they  often  do  for 
hours,  the  moving  folds  of  color  are  most  beautiful. 

Fig.  194  represents  a  draped  aurora. 
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The  duration  of  these  phenomena  varies  from  one  to  sev- 
eral hours,  and  the  celebrated  aurora  of  1859  lasted  more 
than  a  week. 

152.  Nature  of  the  auroral  light, — Auroras  have  been 
examined  with  polariscopes  and  spectroscopes. 

Polarization  is  a  condition  of  light-waves  acquired  by  re- 
fraction through  a  substance,  or  reflection  from  its  surface; 
and  if  light  coming  from  a  body  exhibits  this  polarized  con- 
dition, we  know  that  it  does  not  originate  in  the  body. 

Direct  light  from  the  Sun  is  not  polarized — ^that  from  the 
moon  is:  the  former  is  an  original  source — ^the  latter  a  re- 
flected one.  There  is  not  a  trace  of  polarization  in  the  auro- 
ral light,  and  hence  it  is  self-luminous,  and  not  as  halos  and 
rainbows  are — ^phenomena  of  vapor  reflections  and  refrac- 
tions. And  the  spectroscope  confirms  this  fact. 

The  spectrum  of  an  incandescent  body  is  an  index  both 
of  its  condition  and  chemical  composition:  solids,  liquids  and 
dense  masses  of  non-transparent  vapors  give  spectra  com- 
posed of  colors  that  merge  one  into  another  without  break, 
lemious  leases,  on  the  other  hand,  give  spectra  ihat  resem- 
ble an  irregularly  spaced  ])icket  fence — the  i)aHngs  of  differ- 
ent colots  with  dark  gaps  between;  the  particular  colors  and 
their  spacinjj:^  apart  indicate  the  nature  of  the  gas. 

The  spectrum  of  the  aurora  is  of  the  latter  kind,  showing 
it  to  be  due  to  a  rarefied  i^as.  To  continue  the  metaphor, 
the  pickets  of  this  particular  fence  are  yellow,  green,  and 
blue;  that  is,  the  wave-lengths  of  the  auroral  spectrum  are  in 
these  colors,  though  one  alone — the  brightest  of  all — wave- 
length 557,  of  greenish-yellow  hue,  is  absolutely  characteris- 
tic of  the  aurora,  not  having  been  found  in  any  other  known 
body,  except  the  zodiacal  light. 

The  remaining  wave-lengths  or  shades  of  color  of  the 
auroral  spectrum  are  also  found,  either  identically,  or  nearly 
so,  in  spectra  of  lightning  and  of  electric  discharges  in  very 
rarefied  air. 
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153.  Regions  of  auroral  display. — Auroras  increase  rap- 
idly in  both  number  and  brilliancy  as  we  proceed  toward  the 
magnetic  ])<)les:  indeed  there  sccins  to  be  two- distinct  classes 
of  these  phenomena — one.  ol  restricted  area,  Unv  in  altitude, 
seen  only  in  polar  regions,  and  of  little  eticct  ujx)n  the  mag- 
netic needle;  the  other,  high  above  the  Earth,  visible  around 
both  magnetic  poles  at  the  same  time,  like  huge  conical  ex- 
tinguishers that  "Spread  almost  to  the  Tropics;  and  these  are 
invariably  accompanied  by  great  magnetic  disturbances,  un- 
usual telluric  currents,  telegraphic  interruption,  and  solar 
outbursts  and  spots:  in  fact  the  whole  electric  and  magnetic 
condition  of  Earth,  Air,  and  Sun  seems  to  be  involved  in  one 
violent  commotion. 

The  great  aurora  of  1859  was  part  of  such  a  universal 
agitation:  it  consisted  of  numerous  beams  or  columns  nearly 
parallel  everywhere  to*the  dipping-needle,  with  its  summit  in 
the  magnetic  meridian.  This  aurora,  by  measurement,  had 
•  its  apex  534  miles,  and  its  lower  limit  46  miles,  above  the 
Karth — therefore,  in  the  very  rarest  rejriuns  of  the  atmos- 
phere, which  would  lend  snpport  to  a  ])revious  statement  that 
the  eleclromaL^netic  waves  arising  from  an  outburst  on  the 
Sun.  upon  reachinq"  the  rare  strata  of  our  atruosj)here.  would 
illumine  them  as  electric  discharges  do  vacuum-tubes. 

On  the  evening  of  Sept.  9lh.  1S9S,  an  auroral  display  was 
visible  in  Kngland,  and  on  the  following;  evcjuui;  one  was 
seen  in  New  Zealand:  **  The  whole  southern  lieavens  [in 
the  words  of  an  eye-witness]  at  tirst  became  suffused  with  a 
bright  orange  light  low  down  upon  the  horizon,  from  which 
a  few  streamers  issued  from  time  to  time,  rising  to  a  height  of 
say  45°.  When  both  glow  and  streamers  had  faded  away,  I 
noticed  three  luminous  clouds,  one  at  the  zenith.  The  larg* 
est  of  these  clouds  increased  in  size,  and  shot  forth  a  few 
streamers  of  light,  both  upward  and  downward,  and  all  then 
disappeared.  I  have  witnessed  several  auroral  displays  at 
Ashburton  (New  Zealand),  but  none  like  that  of  Sept.  ioth» 
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the  distingxiishing  features  o£  which  were  the  orange  glow 
and  the  luminous  clouds. 

"  On  the  following  day,  my  telephone,  which  had  never 
failed  me  before,  worked  irregularly,  and  some  of  the  other 
telephones  in  the  town  were  similarly  affected." 

More  instances  will  be  cited  later  of  auroras  having  been 
seen  at  the  same  time  in  the  most  remote-  parts  of  the  Earth. 
One  observer  finds  an  aurora  "embodied  in  and  swept  the 
Earth  with  successive  banks  of  Cape  Breton  fog.  ...  In 
this  fog'bank  hung,  as  it  were,  a  brilliant  curtain  of  light  with 
a  wide  fringe  or  flounce  of  maximum  brilliancy  along  the 
bottom  edge,  the  light  fading  upward  along  the  curtain, 
but  traceable  to  the  very  zenith,  and  the  curtain  stretch- 
ing'fronvthe  eastern  horizon  out  at  sea  to  the  western  horizon 
on  the*  low  hilltops.  I  he  curtain  was  evidently  vertical,  thin, 
straight,  longf  enough  to  re.ich  from  one  limit  of  the  vision 
to  the  otlier,  and  lluating  l)roadside  l)cf()re  the  south  wind 
toward  the  north.  No  reasoning  could  convince  me  that 
these  were  not  elements  of  the  phenomena,  ant!  moreover, 
that  the  lower  edge  of  the  bright  frini^e  was  more  than  100 
or  200  yards  away  at  its  nearest  point  when  we  hrst  saw  it. 
Its  rate  of  departure  from  us  was  evidently  that  of  the  fog- 
bank  or  that  of  the  gentle  south  wind  then  blowing. 

"  The  perspective  of  the  whole  curtain  changed  in  con- 
formity with  that  supposition." 

Another  observer  found  an  aurora  so  distinctly  an  entity 
of  a  clear  blue  sky  that  he  obtained  a  photograph  of  a  land- 
scape by  means  of  its  light,  which  was  vivid  enough  to  ob- 
scure the  stars. 

And  'Still  again,  an  Arctic  explorer  of  wide  experience 
having  fallen  -with  his  train  into  a  deep  rift  between  the  ice 
and  the  shore,  where  thd  dogs  tumbled  about  in  the  dark- 
ness and  none  could  see  what  to  do,  when  "  suddenly  from 
the  summit  of  a  neighboring  cliff,  an  aurora  of  great  beauty 
and  power  appeared  in  the  southwest  and  shed  upon  us  a 
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liL^lit  SO  intense  that  we  cauld  see  the  snialle>i  articles  of  our 
equipment,  and  were  enabled  thereby  to  extract  the  dogs 
from  their  tangled  harness  and  proceed  in  safety.  A  severe 
snow-storm  was  raging  and  before  the  appearance  of  the 
aurora,  the  night  was  pitch  dark." 

Observations  lonj^  continued  in  various  parts  of  the  globe 
establish  the  fact  that  daily,  yearly^  aiid  secular  maxima  and 
minima  oc'cur  in.  the  number  of  auroras;  and  that  even  their 
most  brilliant  phases,  undulating  motion,  and  final  disappear- 
ance are  not  matters  of  haphazard,  but  rather  of  regular  re- 
currence. 

All  this  periodicity  is  closely  analagous  to  like  periodicity 
in  the  ebb  and  flow  of  the  magnetic  medium  pervading  Earth 
and  Air,  as  illustrated  in  the  variability  of  the  magnetic  ele- 
ments: it  denotes  some  connection  between  the  two  kinds 
of  phenomena,  which  will  receive  more  support  later  on. 

The  daily  maximum  of  auroras  occurs' in  the  early  part  of 
the  night  of  each  locality,  and  the  minimum  toward  morning; 
the  annual  maxima  take  place  in  the  spring  and  autumn 
proper  to  each  hemisphere,  and  the  minima  in  their  winter 
and  summer;  but  it  is  the  sccuhir  i)erio<licity  that  is  of  most 
interest  an<l  importance,  as  coinciding  witli  that  of  another 
phenomenon — snn-spots— that  has  already  been  alluded  to 
as  (indirectly.  ;it  lea>l )  a  possible  catise  of  the  aurora*;:  that 
is,  auroras  are  ilu*  i^dow  of  rarefied  atmospheric  resii^ions  due  to 
the  advent  of  an  ciectromagnrtic  llux:  this  results  from  vio- 
lent solar  outbursts;  these  accompany  sun-spots:  and  hence 
the  grandeur  and  number  of  the  heavenly  illuminations 
should  bear  some  correspondence  with  the  size  and  freqtiency 
of  the  sun-spots — and  they  do.  The  connection  is  most 
striking,  as  will  be  seen  by  Fig.  195,  where  the  upper  curve 
represents  the  varying  number  of  auroras  and  th^  lower  curve 
that  of  sun-spots  during  a  period  of  150  years,  from  1720  to 
1870. 


Digitized  by  Google 


AURORAS, 


335 


154.  Tbfiories  of  Uie  Aurora. — It  is  but  a  natural  step  to 
offer  other  explanations  of  the  aurora.  Conceding — wiiich 
is  the  fact — that  the  variation  of  any  intense  magnetic  con- 
dition will  illumine  rarefied  air  within  its  influence,  this  illu- 
mination may  also  be  brought  about  by  electromagnetic 
waves  issuing  outward  from  the  Earth  when  its  magnetic 
equilibrium  is  greatly  disturbed;  and  such  disturbances  would 
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exjjlain  another  fact  observed  (hiring  j^reat  auroras — the  wild 
commotion  of  magnetic  needles:  both  aurora  and  magnetic 
storm  would  then  be  the  visible  consequence  of  the  same 
cause — a  fluctuation  of  the  Earth's  magnetism. 

The  theory  that  the  aurora  is  of  electric  origin  rests 
chiefly  on  two  facts:  ist,  that  its  light  resembles  the  glow  of 
a  vacuum-tube  pervaded  by  an  electric  discharge;  and  2d, 
that  magnetic  needles  move  erratically  with  the  swaying  of 
auroral  beams,  the  darting  forth  of  their  rays,  or  the  varying 
brilliancy  of  their  colors — ^it  amounts  almost  to  a  rhythmic 
movement  of  both  aurora  and  needle. 
.  Consider  Plate  J — a  record  of  the  magnetographs  in  the 
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U.  S.  Magnetic  Observatory  at  Washington,  February  13th 
and  14th,  1892:  it  is  of  special  interest  as  showing  the  beha- 
vior of  the  instruments  during  an  unusually  severe  magnetic 
«torm  which  occurred  simultaneotisly  with  fine  auroras  and 
a  large  group  of  sun-spots.  The  sharply  serrated  curve  of 
Variation  V,  of  Vertical  Intensity  and  of  Horizontal  Inten- 
sity H — all  attest  the  most  erratic  movement  of  their  re- 
spective magnets;  the  precipitous  peaks  and  deep  hollows  are 
in  marked  contrast  with  the  nearly  even  lines  beside  them,  in- 
dicative of  the  normal  condition. 

The  ma  genetic  commotion  began  suddenly  at  12.40  a.m., 
and  while  it  lasted  the  Variation  changed  i  °  30',  the  Horizon- 
lal  Inlcnsily  i\  j)cr  cent  of  its  mean  strength,  and  "  the  Ver- 
tical Force  decreased  so  much  that  the  sensitively  l)alanced 
niai^net  u>e<l  to  record  it  was  ui^^et  at  8  p.m.  of  the  13th.  and 
its  further  record  lost.  The  auroras  were  seen  at  Washing- 
ton about  2  a.m.  and  7.03  p.m.  of  the  13th,  the  latter  time  l)e- 
ing  marked  by  an  uuusuaily  disturbed  condition  of  the  mag- 
nets." 

Besides  the  Sun  and  Earth,  already  mentioned  as  possible 
sources  of  the  electromagnetic  condition  of  the  air  that 
may  be  productive  of  auroral  phenomena,  there  is  another 
source  that  has  received  some  acceptance,  namely,  the  evap- 
oration from  tropical  seas.  While  it  may  be  true  that  the 
mere  conversion  of  the  closely  aggregated  condition  of  parti- 
cles, as  water,  into  the  loosely  diffuse  state,  as  vapor,  does 
not  give  rise  to  electricity,  still  there  is  nothing  more  firmly 
established  than  that  vapor  does  excite  it,  and  of  great  power 
and  volume  v^ten  it  rubs  against  solid  particles:  witness,  for  in- 
stance, the  hydro^electric  machines.  And  there  is  nothing 
more  true  than  that  our  atmosphere  is  often  heavily  charged 
with  electricity:  it  bursts  forth  in  tbe  vivid  flash  and  crashing 
thunder-storms  of  tropical  and  temperate  zones,  but  how  is 
the  tension  relieved  in  frigid  ones?  Xot  \n  \  i(ik  iu  e  and  de- 
struction, but  as  a  gentle,  beautiful  ilhmiinaiicui  ot  delicate 
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tints — the  slow  escape  of  electricity,  as  in  the  brush  discharge 
and  St.  Elmo's  fire. 

It  is  in  the  middle  of  the  day;  during  the  summer  of  the 
year;  and  in  tropical  sones — both  the  time  and  the  place  in 
which  the  Sun's  rays  arc  most  direct — tliat  the  heat  is  great- 
est,  and  the  light  brightest,  and  chemical  action  quickest — all 
solar  energy  most  productive  of  results,  and'  life  most  in- 
tense: would  it  not  be  strange,  then,  if  the  great  electromag- 
netic phase  alone  of  this  energy  lacked  fervor  and  volume 
where  all  else  was  at  its  best?  But  it  does  not,  and  however 
it  arises,  its  greatest  force  is  spent  in  middle  latitudes,  while 
its  mild  dissipation  is  reserved  for  polar  climes. 

The  explanation*  usually  given  of  its  rise,  transfer,  and 
decay,  is  the  following:  the  particles  of  charged  vapor  ascend, 
the  iii)per  currents  of  air  waft  them  toward  the  Poles,  and  as 
they  near  these,  they  encounter  chains  of  ice-crystals  which 
afford  safe-  and  easy  cuiiduit  for  the  electric  burden  to  l\.aiLli. 
T-lie  hiu;her  poleniial  of  upi)er  air  is  thus  periodically  re- 
lieved ill  auroral  displays,  whereas,  in  the  'I'ropics,  it  disrupts 
the  mediimi  because  no  lightnini;  rods  ut  ice  intervene.  Of 
course  liie  discharge  to  Earth  niust  find  path>  of  \aried  re- 
sistance, which  accounts  for  the  beams;  and  these  beini;  flex- 
ible,'the  Earth  s  maL;netism  acts  \\\yo\\  them,  bending  their 
general  direction  to  that  of  the  dipping-needle:  for  it  is  found 
that  when  magnetism  acts  ui)on  a  perfectly  mobile  conductor 
carrying  an  electric  current,  the  conductor  must  assume  a 
magnetic  curve. 

An*  experiment  made  by  Lemstroem  to  produce  the 
auroral  glow  by  electrical  means  will  now  be  described.  Fig. 
196  may  represent  the  apparatus:  ff  is  a  Holtz  electrical  ma- 
chine, one  of  whose  poles  is  connected  to  Earth  at  E  and  fhe 
other  to  an  insulated  metal  ball  at  B\  the  latter  is  armed  with 
points  at  F;  some  tubes»  in  which  the  air  is  well  rarefied,  are 
placed  at  T,  one  series  of  ends  connected  to  Earth,  the  other 
insulated;  the  space  A,  extending  from  P  to  T,  about  six  feet,. 
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is  occupied  by  the  natural  air  at  normal  pressure.  When  the 
machine  is  in  action,  electricity  escapes  from  the  points 
but  no  illumination  takes  place  in  the  space  A — it  gives  no 


HOLTZ  MACHINE 


EARTH 

Fig.  196. 


indication  whatever  that  electromagnetic  waves  are  passing: 
through  it;  but  there  are,  and  upon  reaching  tlie  tubes  they 
light  them  up  in  a  manner  similar  to  the  aurora. 
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Another  experiment,  due  to  the  same  author,  and  also  for 
showing  the  electrical  oriy^in  of  the  aurora,  was  tlie  follow- 
ing: On  the  summit  of  a  hill  in  Lapland  many  long  posts 
were  i)lanted  all  over  an  area  of  435  square  yards  in  such 
mamier  that  a  wire,  entirely  insulated  and  strung  upon  them, 
formed  an  immense  spiral  whose  turns  were  five  feet  apart; 
at  intervals  of  twenty  inches  the  wire  was  studded  with  points 
projecting  upward  like  lightning-rods;  a  galvanometer  was 
placed  in  circuit  with  the  Wire.  Above  the  spiral  coils  of  the 
wire  "  were  seen  several  times  luminous  phenomena,  some- 
times in  the  form  of  diffused  lig^hts^  sometimes,  but  rarely, 
in  the  form  of  rays  which  seemed  to  dart  from  the  points  of 
the  wire  toward  the  sky.  This  light  showed  in  the  spectro- 
scope the  characteristic  greenish-yellow  line  of  the  aurora, 
whereas  this  ray  was  not  visible  in  other  parts  of  the  sky.  It 
even  occurred  that  the  line  was  visible  above  the  apparatus 
when  the  eye  could  not  distingfuish  any  luminous  appearance. 

"  A  Holtz  machine,  put  in  action  in  the  conductor,  rein- 
forces the  luminous  phenomena  if  ii  .tlrcady  exists,  and  may 
provoke  it  if  the  circumstances  arc  fa\oicii)ic.  Twice,  with 
absolute  certainty,  a  luminous  ray,  analogous  to  an  auroral 
ray,  started  from  the  apparatus  and  jG^ave  the  greenish-yellow 
line  in  the  spectrum.  Once  this  ray  appeared  during"  an 
aurora  borealis  in  the  form  of  an  arc." — Prof.  Alfred  Angot, 
of  the  French  Meteorological  Office. 

The  possible  electrical  origin  of  the  aurora,  according  to 
the  tentative  theory  of  Prof.  Trowbridge,  has  been  set  forth 
in  a  former  chapter. 

Sectifm  Three :  Electrical  Discharses  in  High  Vaouu 

155.  Varieties  ol  electrical  dischafge. — On  account  of 
the  irregular  movement  of  magnetic  needles  during  auroral 
displays,  the  endeavor  was  made  in  the  last  section  to  ex^ 
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plain  these  polar  phenomena;  and  it  seemed  that  electricity 
was  the  most  probable  origin:  this  led  to  rarefied  gases  as  an 
essential  condition  of  their  existence,  and  hence  some  feat- 
ures of  electric  discharges  in  vacuum-tubes  will  be  described 
here.  There  is  scarcely  a  doubt  that  these  phenomena  are 
3ome  variation  of  the  aurora — the  points  of  resemblance  are 
too  close  to  gainsay  an  intimate  relationship. 

The  electric  discharge  presents  many  phases  of  form,  in- 
tensity, and  volume:  it  may  be  concentrated  and  destructive, 
diffuse  and  harmless,  blinding  in  brilliancy  or  scarcely  visible 
as  a  violet  tint;  the  <^nant  induction-coil  tears  the  air  with  a 
streak  lUty  inches  long,  ramified  from  a  zig-zag  stem,  like  the 
branches  of  a  tree  from  a  parent  trunk:  the  terminals  of  a 
Holtz  machine,  separated  by  a  few  centimetres,  will  give  a 
straight,  clear-cut,  dazzling  line:  and  the  passing  thunder- 
cloud will  silently  evoke  around  terrestrial  objects  a  soft  deli- 
<:ate  glow — an  electric  halo. 

The  potetitial  between  points  and  the  density  of  the  me- 
dium are  the  principal  factors  in  determining  the  nature  of 
the  discharge:  no  violent  effects  can  be  produced  by  small 
differences  of  potential,  any  more  than  the  rippling  brook  can 
supply  great  water-power;  and  on  the  other  hand,  high  volt- 
age and  great  volume — ^like  the  fall  of  Niagara — means  stu- 
pendous results.  So  with  the  medium:  its  tenuity  may  so 
closely  approach  a  perfect  vacuum,  or  its  density  be  so  g^eat, 
that  in  either  condition,  no  spark,  however  short,  can  be  made 
to  pass  by  even  the  most  powerful  machines.  The  nature  of 
the  medium,  whether  one  kind  of  gas  or  another,  and  its 
teinperatnrc,  together  with  many  minor  conditions,  all  in- 
duence  the  character  of  the  discharge. 

156.  St.  Elmo's  fire. — When  heavily  charged  thunder- 
clouds are  passing  over,  they  induce  an  electrical  condition 
o[)posite  to  their  own  in  salient  objects;  from  the.se  a  slow 
discharge  takes  place  with  a  bluish  light  and  faint  crackling 
sound:  such  manifestations  are  known  as  corpo  santo  and  St. 
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Elmo's  fire,  and  are  seen  on  mast-heads,  yard-anns,  and  even 
ilic  liair.  and  of  the  hngers.  Their  form,  noise,  and 
luminosity  are  identical  with  the  brnsli  discharge  from  a 
spherical  conductor  of  a  Hollz  machine  in  action;  and  the 
phenomenon  is  really  due  to  a  multitude  of  little  sparks  aris- 
ing betwecTi  tlie  particle-  f>f  nir. 

157.  Auroral  plienomenon  experimentally  produced. — 
By  placing  the  brass  socket  of  an  incandescent  lamp  on  the 
conductor  of  an  electrical  machine  in  action,  the  bulb  be- 
comes a  reservoir  of  electricity:  its  whole  interior  glows  like 
the  body  of  a  fire-fly — soft  and  feeble  radiance^  which  dis- 
appears upon  removal  from  the  conductor.  But  it  lights  up 
again  and  again  upon  touching  the  brass  socket  to  the  walls 
or  furniture  of  a  room.  It  is  not  the  carbon  that  becomes  a 
dazzling  thread,  as  when  the  current  is  coursing  through  it — 
the  filament  may  be  broken — ^but  it  is  the  remaining  particles 
of  air  left  in  the  bulb  after  partial  exhaustion,  that  are  thrown 
into  such  vibration  that  they  become  radiant  of  themselves. 
In  watching  the  fluctuations  of  the  interior  of  such  a  bulb 
**  as  one's  hand  is  moved  over  the  glass,  one  is  forcibly  re- 
minded of  the  strcamintT  of  the  aurora  borealis,  and  one  can- 
not but  conclude  thai  tlie  \va\cring  light  of  this  phenomenon 
is  due  to  the  same  can^t- — the  slow  discharge  through  rare- 
fied air  of  the  electrical  chari^c  on  the  condenser  formed  by 
the  u])pcT  layers  of  clouds  and  the  lower  strata  of  humid  air.** 
(Prof.  Trowbridge.) 

An  experiment  by  de  la  Rive  to  simulate  the  phenomena 
of  the  aurora  will  now  be  described.  Fig.  197  represents  the 
apparatus  used:  £  is  an  electromagnet  from  which  wires  a 
and  h  lead  to  a  source  of  electricity;  upon  it  rests  a  soft-iron 
cylinder  RF,  encased  in  a  glass  tube  which  tube  is  coated  in- 
side and  out  with  shellac,  thus  insulating  the  cylinder,  except 
at  its  ends  F  and  R\  a  brass  ring  C  encircles  the  lower  part  of 
the  tube;  an  oval  glass  receiver  H  covers  the  cylinder  FJ?, 
with  means  at  the  top  for  exhausting  the  air;  the  wire  k  from 
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the  positive  pole  of  a  Holtz  machine  brings  a  current  to  the 
lower  end  of  the  soft-iron  cylinder,  and  the  wire  h  establishes 
connection  between  the  negative  pole  and  the  brass  ring. 
Before  rendering  the  electromagnet  E  active,  the  Holtz  ma- 
chine is  worked,  and  a  delicate  egg-shaped  glow  will  at  once 


Fio.  197. 


surround  the  soft-iron  cylinder  FR,  presenting  the  aspect 
of  a  luminous  stream  issuing  from  the  head  F — ^permeated 
with  brilliant  streaks — and  falling  upon  the  brass  ring  C  be- 
low. So  far,  the  soft-iron  cylinder  seems  merely  an  interior 
conduit  for  this  exterior  overflow — ^waves  of  electricity  surg- 
ing through  it,  out  at  the  head,  becoming  luminous  in  the 
rarefied  air  of  the  enclosing  vessel,  and  coursing  toward  the 
brass  rin^.  But  now  send  a  current  through  the  electro- 
magnet /•";  this  (by  inductifm)  makes  a  map^net  also  of  the 
cyhnder  FR,  and  immediately  this  new  condition  becomes 
manifest  by  the  luminous  oval  form  turning  round  the  cylin- 
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der  FR  as  an  axis.  It  is  the  parallel  of  the  aurora  turning^ 
round  the  great  magnet— the  Earth — for  these  phenomena 
have  been  observed  to  move  from  east  to  west  as  much  as 

20°  nil  lionr. 

158.  Action  of  magnets  on  electrical  flow. — It  has  been 
stated  that  the  auroral  streamers  are  bent  by  the  Earth's 
magnetism  into  conformity  with  its  own  lines — ^that  such 
beams  appear  as  flexible  conductors  of  electromagnetic 
waves:  this  phenomena  may  be  illustrated  by  a  vacuum-tube; 
an  electric  discharge  through  it  converts  the  remaining 
motes  of  matter  into  a  luminous  band  that  may  be  attracted, 
repelled,  or  variously  moved  about,  by  a  magnet  waved 
around  the  tube. 

Or  again:  the  voltaic  arc  is  a  luminous  oval  shape,  formed 
by  the  passage  of  a  current  between  the  electrodes  of  a  source 
of  electricity.  If  produced  in  a  vacuum,  it  is  mostly  of 
ethereal  construction,  only  such  solid  particles  entering  it 
as  are  torn  from  the  positive  pole,  raised  to  incandescence, 
and  hurled  across  the  chasm  to  the  negative  pole;  it  may  be 
lengthened  by  increased  voltage,  and  an  arc  over  eleven 
centimetres  long  has  been  formed.  Now  such  an  arc  is  en- 
*  tirely  mobile  under  the  sway  of  a  magnet;  it  recedes  or  ap- 
proaches, and  even  disrupts  when  the  magnet  is  strong 
enough,  in  an  experiment  with  a  very  powerful  electromag- 
net, whose  poles  were  placed  at  right  angles  to  the  length  of 
the  arc,  this  darted  to  one  side,  drawing  out  to  ten  times  its 
normal  length.  Even  the  Earth's  magnetism  aflfects  it:  one 
experiment  showed  that  with  the  arc  vertical,  it  was  74  mm. 
long  when  the  positive  pole  was  above,  as  against  56  mm. 
when  it  was  below.  When  the  electrodes  are  two  soft-iron 
rods,  and  the  arc  is  established  between  them,  it  may  be  en- 
tirely destroyed  by  simply  converting  the  electrodes  them- 
selves into  magnets,  by  surrounding  each  with  a  helix  and 
sending  a  current  through  Jt.  To  establish  the  arc  anew  with 
these  magnets  for  electrodes^  they  must  be  moved  nearer 
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each  other,  and  then  the  arc  is  clian^^ed  in  appearance:  atoms 
are  torn  from  the  pole  and  projected  in  every  direction  with 
a  hissini^  sound  like  escaping-  steam. 

159.  Character  of  discharge  in  rarefied  gases.  —  By 
means  of  an  induction-coil  provided  with  different  kinds  of 
terminals  and  a  suitable  arrangement  for  varying  the  po- 
tential, we  may  produce  three  distinct  phases  of  electrical 
discharge  in  air  at  normal  pressure:  the  dazzling  streak  that 
darts  from  one  pole  to  the  other;  the  bright  twig-like  plume 
that  spreads  out  from  the  rounded  head  of  a  conductor;  or 
the  hazy  glow  of  a  continuous  escape  from  a  single  electrode. 
These,  of  more  or  less  intensity  and  size,  are  all,  however,  that 
air  or  gas  at  normal  density  will  admit;  but  where  the  tenuity 
is  as  great  as  the  hundredth,  the  thousandth,  or  the  millionth 
part  of  an  atmosphere,  then  other  and  most  marvelous  forms 
of  discharge  api>ear. 


Fig.  198. 


The  gradual  transition  in  the  nature  and  i^pearance  of  a 
discharge,  as  the  medium  becomes  rarer,  may  be  followed 
with  the  apparatus  represented  in  Fig.  198:  it  consists  of  an 
egg-shaped  glass  receiver  having  a  stuflfing-box  in  the  top 
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through  which  a  metal  rrxl  moves  up  and  down:  this  consti- 
tutes one  electrode  in  coninuuiication  with  a  source  of  elec- 
tricity, the  other  beings  fixed  in  line  with  it,  in  the  bottom  of 
the  vessel  and  connected  to  Earth;  at  tlie  base  are  two  stop- 
cocks, one  communicatini;^  witii  an  air-pump,  the  other  with 
a  reservoir  of  any  gas  it  may  be  desired  to  use. 

At  normal  pressure  in  the  receiver,  the  discharge  is  the 
same  as  in  the  exterior  air;  but  as  the  pump  is  worked  the 
sparks  become  straight,  fuzzy,  and  long,  upon  drawing  out 
the  upper  rod.  When  the  rarity  reaches  a  certain  stage,  the 
discharge  appears  like  a  glowing  gaseous  ball  between  the 
electrodes,  and  this  may  be  expanded  to  the  capacity  of  the 
receiver  by  continuing  the  exhaustion.  The  luminous  me- 
dium is  then  in  such  condition  that  if  examined  with  a  spec> 
.troscope,  its  own  distinctive  colored  spectrum  will  be  ob> 
tained. 

With  still  greater  tenuity  the  luminous  column  becomes 
stratified  with  marvelous  and  strange  shapes  of  many 
kinds,  as  if  a  succession  of  waves,  alternately  bright  and 
dark,  were  flowing-  from  one  electrode  to  the  other.  And 
wlien  tlie  hiefhest  vaeiuini  possible  is  attained,  the  most  won- 
*  deriiil  of  all  phenomena  appears — the  radiant  state  of  matter. 
But  it  is  witii  tubes  at  various  degree■^  of  exhaustion  tliat  these 
several  pliases  of  discharge  are  best  oijtaine<l.  They  are  made 
of  i^lass.  generally  straitrht.  but  oft-times  of  the  most  fantastic 
forms  to  1>rinq-  ottt  the  etiects  more  strikingly;  and  of  every 
size,  from  a  few  inches  to  many  feet  in  length:  platinum 
electrodes  are  fuzed  into  their  ends  for  conveying  the  current 
from  some  source — generally  an  induction-coil — ^into  their 
interior.  Fig.  199  represents  five  such  tubes,  with  varied 
stri<B — ^some  of  the  many  forms  of  curious  entities  that  fill 
them  according  to  the  degree  of  exhaustion  and  electric 
power;  but  the  most  prevalent  shape  is  that  of  an  elongated 
pine-cone  whose  segments  are  luminous  and  drawn  a  little 


Digitized  by  Google 


ELBCTRICAL  DISCUARGBS  W  MTIGM  VACUA. 


34S 


apart  from  each  other,  leaving  dark  spaces  between:  their  tint 
or  color  varies  with  the  kind  of  gas  pervading  the  tube. 

By  interposing  an  air-gap  in  the  circuit,  that  is,  cutting 
the  conductor  from  the  induction-coil  just  outside  the  elec- 
trode»  and  attaching  a  little  ball  to  each  cut  end,  so  tlint  they 
will  be  separated  by  a  very  short  distance  over  which  the  cur- 
rent will  have  to  leap  as  a  spark — ^by  doing  this,  the  column 
of  strue  becomes  sensitive  to  the  finger  or  any  other  conduc- 
tor that  affords  relief  to  the  strained  state  in  and  around  it. 

The  whole  phenomenon  of  sensitiveness  is  characterized 
by  periodicity:  the  alternation  of  luminous  disk  and  dark . 
band  simulates  well  the  crest  and  trough  of  a  wave  or  pulse 
of  electricity  emanating  from  each  electrode;  a  telephone  in 
circuit  proves  their  periodicity,  for  it  gives  a  musical  note- 
that  due  to  the  number  of  pulses  per  secotul.  and  the  pulse  or 
discharge  may  take  place  from  one  pole  or  both,  e(|ually.  in- 
dependently, or  in  any  degree  of  inequality,  and  |)erhai)s  va- 
riously interfere  and  thus  produce  the  wave  elTect.  The  dis- 
charge is  not  sinuillaneous  along  the  tube,  but  progressive, 
and  "each  terminal  pours  forth  its  electricity  to  satisfy  its 
own  needs,  and  only  in  a  \  cry  secondary  degree  to  satisfy  the 
needs  of  the  other  terminal.** 

Experiment  leads  to  the  conclusion  that  all  discharges  in 
rarefied  ceases  are  discontinuous,  or  of  the  nature  of  pulses — 
waves — whether  artificially  produced  by  an  air-spark  or  not; 
for  the  fact  that  stri^  are  formed,  lends  support  to  such  a 
view. 

The  stria  appear  stationary  at  times,  and  at  others  as  a 
continuous  flow,  or  a  flow  both  ways,  backward  and  forward. 

Lines  of  stria  are  acted  upon  by  a  magnet — attracted,  re- 
pelled, and  moved  about — just  as  a  wire  is  that  carries  a  cur- 
rent; only,  that  while  the  wire  moves  as  a  whole,  the  stratified 
column  has  all  the  mobility  of  its  perfectly  flexible  nature; 
even  more,  each  stria  is  subject  to  varied  deformation  under 
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a  magnet's  influence,  as  if  it  were  an  entity  by  itself,  as  wdl 
as  apparently  one  section  of  a  vertebral  column, 

i6o.  Radiant  matter. — ^According  to  the  dynamical  the- 
ory of  heat,  the  molecule^  of  matter  in  its  three  states  are  con- 
stantly vibrating-,  and  in  the  gaseous  state,  thcv  lia\  c,  in  aU- 
dilion,  a  Uaii^latory  movement — flitting  liitlicr  and  thither — 
coming  into  collision  with  each  other  and  with  the  walls  of 
the  containing  vessel. 

W  hen  some  of  the  gas  is  removed,  the  remainder  has 
greater  freedom  of  motion,  and  when  only  a  few  atoms  are 
left,  they  have  such  free  path  that  they  scarcely  meet  or  col- 
lide, but  drive  directly  to  and  fro  between  the  sides  of  their 
prison.  Such,  substantially,  is  the  individualized  condition  of 
matter  in  a  vacuum  attained  by  Prof.  Crookes  in  one  of  his 
tubes,  where  the  pressure  was  only  the  go,o(^jb6*^  atmos- 
phere, equal  to  about  the  one-hundredth  of  an  inch  in  a 
column  of  mercury  three  miles  high;  and  it  is  in  this  condition 
that  matter  exhibits  the  properties  called  radiant  Before 
reaching  it,  however — while  there  is  still  an  appreciable  pres- 
sure, say  the  thousandth  of  an  atmosphere — the  tube  presents 
the  phase  of  luminobity  and  stratilication  already  described; 


+ 


Fig.  200. 


this  phenomenon  apparently  depends  more  011  the  positive 
than  on  the  negative  pole:  it  is  shown  in  Fig.  200,  which  is 
one  of  the  fantastic  forms  of  tube. 

Here  it  will  bo  perceived  that  around  the  negative  elec- 
trode there  is  a  narrow  dark  space  and  outside  it  a  radial 
aureole,  while  at  the  positive  pole  a  single  bright  star  tips  its 
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point;  in  close  proximity  to  this  the  luminous  stria  begin 
and  extend  through  the  serpentine  neck  joining  the  bulbs. 

If  the  be  nitrogen,  the  aureole  is  violet  and  the  lu- 
tninosity  elsewhere  of  a  rosy  tint;  if  hydrogen,  the  colors  are 
blue  and  crimson;  if  carbonic  acid,  the  light  is  unusually 
white;  and  if  oxygen,  the  contrast  of  shades  is  not  very  great. 
Now.  these  gases  are  all  in  a  rare  state  in  the  tubes;  they  are 
also  in  a  rare  state  in  the  regions  of  our  atmosphere  where  the 
polar  auroras  appear;  the  same  colors  are  found  in  both  phe- 
nomena: they  are  produced  by  electromagnetic  waves  cours- 
ing through  the  tubes — may  not  such  also  be  their  origin  in 
the  atmosphere,  as  heretofore  stated? 

When  the  exhauslion  is  carried  to  its  lii^hest  sta<^e,  llie 
aurculc  (li>a])i)cars.  the  hmiinons  stricc  fade  away,  and  dark- 
ness spreads  out  from  the  iici^afrrr  i)()le.  as  if  this  were  now  the 
source  of  the  chant^ed  condition  pervadinjx  the  tube. 

A  stream  of  electrified  molecnles  ponr  out  )ioniially  from 
tlic  )icj^ati':r  pole — they  neither  collide  nor  meet  w  itli  obstacle 
in  their  path — and  so  proceed  on  through  darkness  to  the 
glass  boundary  which  they  light  up  with  beautiful  phosphor- 
escent and  fluorescent  c fleets.  If  gem  or  jewel — ^ruby,  dia- 
mond or  sapphire — be  placed  in  their  direct  course,  they  will 
blaze  with  a  brilliance  never  seen  in  other  conditions.  But  if 
a  sheet  of  mica,  cut  to  any  contour,  be  interposed,  it  arrests 
their  flow,  becomes  electrified  itself,  and  casts  its  exact 
shadow  on  the  glass.  The  bombardment  of  the  sides  of  the 
vessel  produces  a  sound  whose  pitch  is  that  proper  to  the  in- 
termittence'in  the  current,  by  the  air-gap. 

A  little  wind-mill  in  their  path  will  be  set  in  motion; 
wherever  they  strike,  heat  will  be  generated;  and  their  direct 
course  may  be  bent  in  any  way  by  a  magnet.  The  sound,  the 
heat,  the  phosphorescent  glow,  even  the  mechanical  move- 
ment are  all  beautiful  illustrations  of  the  varied  transmuta- 
tions of  electrical  energy  into  vil)ratory,  undulalory,  and 
translaiory  motion  of  such  nature  as  to  affect  our  senses. 
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While  it  is  true  that  the  molecules  of  gas  remaining  in 
the  tube  produce  these  effects,  still  there  must  be  waves — a 
propagation  of  motion^  resulting  from  the  discharge;  for 
vacuum-tubes  will  light  up  and  glow  without  any  internal 
electrodes,  or  when  merely  brought  within  the  conBnes  of  a 
changing  electrical  field:  and  also,  the  molecular  discharge 
will  not  pass  through  glass,  mica,  or  any  transparent  sub- 
stance, whereas,  if  a  metal  window,  say  of  aluminum,  be  in- 
serted in  a  tube,  the  effects  of  the  discharge  in  it  can  pass 
through  such  window  and  be  experienced  in  the  outer  air 
where  the  phenomenon  cannot  at  all  be  originated.  Now  it 
is  inconceivable  that  the  electrified  particles  of  the  gas  pass 
through  the  metal  window,  sx^  that  it  must  be  motion  that  is 
transmitted,  as  sound  is  tlirou^n  a  uall,  and  this  motion  must 
have  arisen  concurrently  with  the  discharge  of  the  atoms  of 
gas  from  the  negative  j)olc.  It  is  another  point  in  favor  of 
the  general  view  taken  in  liiis  i  reatise — that  electricity  is 
due  to  motion,  as  lieat  and  light  are — to  a  wave  of  tlic  ether. 

The  corpuscles  thus  charged  with  electricity — radiant 
matter,  as  they  are  called — will  not  turn  a  corner:  this  is 
shown  by  means  of  a  V-shaped  tube  having  a  pole  at  each 
upper  extremity;  when  the  discharge  is  from  the  negative 
pole  of  the  right-hand  branch,  this  is  flooded  with  green 
light  which  stops  short  at  the  apex  and  will  not  enter  the  left 
arm;  and  when  the  current  is  reversed,  the  left  arm  which 
now  has  .the  negative  pole,  grows  luminous,  while  the  right 
remains  dark.  This  property  of  movement  in  straight  lines, 
as  well  as  'the  effect  of  pressure  of  gas  on  the  course  of  the 
discharge,  is  further  illustrated  by  Fig.  201 :  the  two  vessels 
are  identical  in  size,  form,  and  arrangement  of  electrodes;  in 
one,  marked  the  pressure  is  equal  to  a  few  millimetres  of 
mercury,  and  in  the  other,  B,  only  the  millionth  of  an  at- 
•mosphere;  in  the  first,  luminous  bands  appear — in  the  last, 
only  radiant  phenomena;  in  the  rir>t.  a  line  of  violet  light 
issues  from  the  negative  pole  ( — )  and  bends  toward  the  posi- 
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tive  pole,  wlierevcr  that  may  be — at  the  top,  bottom,  or  side; 
while  in  the  last,  B,  the  radiant  matter  is  shot  directly  out 
from  every  part  of  the  saucer-shaped  negative  pole,  and  con- 
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tiniies  straight  on  to  the  opposite  side  of  the  glass,  regardless 
of  the  position  of  the  positive  pole. 

That  an  obstacle  in  its  path  should  cast  a  shadow  is  a 
direct  consequence  of  this  fact,  which  may  be  explicitly 
stated  thus:  that  "  radiant  matter  comes  from  the  pole  in 
straight  lines  and  does  not  merely  permeate  all  parts  of  the 
tube  and  fill  it  with  light,  as  would  be  the  case  were  the  ex- 
haustion less  good." 


Fig.  aos. 


To  show  the  ability  of  radiant  matter  to  produce  mechan> 
ical  motion,  the  tube  represented  in  Fig.  202  is  used:  its 
•essential  feature  is  a  little  glass  railway  upon  which  a  light 
wheel  rolls;  the  poles  are  so  placed  that  whichever  one  is 
made  negative,  the  particles  of  matter  dart  from  it  and  strike 
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the  mica  paddles,  causing  the  wheel  to  travel  along  the  rails; 
by  reversing  the  poles,  the  wheel  is  stopped  and  sent  the 
other  way;  and  if  the  tube  be  gently  inclined,  the  wheel  is 
actually  driven  up-hill. 

This  is  the  outward  stream,  but  there  is  a  return — of  posi- 
tively charged  motes — as  may  be  proven  by  drawing  the 
little  railway  out  of  the  direct  flow,  toward  the  walls  of  the 
tube,  when  the  wheel  will  roll  in  the  opposite  direction  under 
the  influence  of  a  counter-current. 

To  form  the  direct  stream,  the  particles  individually 
come  in  contact  with  the  negative  electrode,  become  charged 
with  its  electricity,  and  are  thereby  shot  off — repelled  from  its 
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surface:  like  the  projectile  from  a  gun,  they  should  cause 
recoil  in  the  electrode — ^if  moveable — and  they  do.  Fig.  203 
shows  the  means  by  which  it  is  accomplished:  it  consists  of 
a  fly-wheel  formed  of  four  radii  with  aluminum  disks  coated 
on  one  side  with  mica;  it  is  pivoted  on  a  steel  point  that  has 
metallic  communication  through  the  lower  part  of  the  vessel 
with  an  induction-coil,  so  that  the  moveable  fly-wheel  thus 
becomes  the  negative  pole,  the  positive  being  in  the  top  of 
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the  vessel.  When  the  pressure  equals  that  of  a  few  milli- 
metres of  mercury,  and  with  the  coil  in  action,  "  a  halo  of 
velvety  violet  light  forms  on  the  metallic  side  of  the  vanes, 
the  mica  sides  remaining  dark":  as  the  pressure  lessens,  a 
dark  space  separates  the  violet  halo  from  the  metal — it  en- 
larges and  rotation  of  the  wheel  begins;  the  darkness  reaches 
the  glass  and  the  rotation  becomes  very  rapid. 

A  magnet  has  complete  sway  over  a  band  of  radiant  mat- 
ter, whether  in  moderately  high  or  very  high  vacua.  In  Fig. 
204  a  line  of  phosphorescent  light  issues  from  the  pole  into 


a  b 


Fig.  204. 


the  highest  vacuum  and  would  proceed  straight  on,  but  is 
drawn  down  by  a  powerful  magnet  and  waved  about  like  a 
flexible  wand  as  the  magnet  is  moved  to  and  fro. 


Fig.  90s. 

In  Fig.  205  the  vacuum  is  moderately  high,  and  the  line 
of  violet  light  extends  from  end  to  end  of  the  tube,  with  a 
bend  downward  to  a  magnet  pole,  which,  however,  would  be 
upward  if  the  other  pole  were  presented. 

The  difference  between  the  two  cases  illustrated  by  Figs. 
204  and  205  should  be  noted:  in  the  former,  the  radiant 
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Stream  continues  in  its  deflected  direction — in  the  latter,  it  rises 
and  pursues  the  straight  line  again:  this  is  due  to  difference  of 
vacua.  Indeed  the  action  of  a  magnet  on  this  luminous  elec- 
tric discharge  is  so  decided  that  it  facilitates  the  discharge 
when  this  is  parallel  to  the  lines  of  magnetic  force,  but  re- 
tards it  when  at  right  angles  thereto. 

Fig.  206  beautifully  illustrates  magnetic  action  upon  this 


line  of  apparently  intangible  light,  which,  however,  behaves 
as  if  made  up  of  glowing  pellets  of  iron:  a  light  paddle-wheel 
is  delicately  supported  by  its  axle  in  sockets,  and  protected  by 
a  screen  from  the  direct  course  of  the  radiant  stream;  when 
one  pole  of  a  magnet  is  brought  down  upon  the  tube,  it  at- 
tracts the  stream  which  strikes  the  paddles  and  causes  rapid 
rotation  as  of  an  overshot  wheel;  when  the  other  pole  is 
presented,  the  stream  is  repelled,  and  there  is  rotation  as  of 
an  uinler>h<)t  wlieel. 

In  order  to  determine  whether  these  beams  extendinir  in 
moderately  liii^b  vacua  from  pole  to  j)o]e  are  of  the  nature 
of  wires  carrying;  currents,  or  merely  built  up  of  electrified 
particles,  the  experiment  illustrated  by  Fi^.  207  is  per- 
formed: there  are  two  negative  terminals  a  and  b  fuzed  into- 
one  end  of  the  tube  and  one  positive  terminal  into  the  other 
end. 
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This  enables  either  two  streams  to  be  sent  side*  by  side, 
or  only  one,  by  severing  one  of  the  negative  connections. 
If  the  streams  carry  an  electric  current  they  will  behave 


Fig.  907. 


like  wires  doing  the  same,  and  attract  each  other;  but  if  they 
are  simply  composed  of  negatively  electrified  particles^  they  will 
mutually  repel.  "  The  upper  negative  pole,  a,  was  first  con- 
nected to  the  coil,  and  the  ray  was  seen  shooting  along  the 
line  df;  the  lower  negative  pole,  b,  was  then  brought  into 
play,  and  another  line  eh  darted  along:  instantly,  the  first  line 
sprang  up  from  its  first  position  df  totdg,  showing  that  it  was 
repelled,  and  the  lower  line  was  deflected  downward."  There 
was  mutual  repulsion  of  the  beams,  and  therefore  they  are 
built  up  of  similarly  electrified  particles. 

If  stopped  in  their  flight,  the  motion  of  translation  of 
these  particles,  like  that  of  a  cannon-ball,  is  converted  into 
vibratory  motion  both  of  themselves  and  of  the  particles  at 
the  point  of  impact,  and  tlic  result  is  intense  heat.  This  is 
shown  by  Fig.  208:  the  negative  pole  consists  of  a  spherical 
shell  such  that  lines  drawn  normally  from  its  interior  surface 
converge  to  a  point  at  the  middle  of  the  glass  bulb,  where 
a  piece  of  iridio-platinum  is  supported  by  a  wire. 

By  turning  on  the  induction-coil  slightly,  the  electrified 
particles  shower  from  all  parts  of  the  negative  polar  shell  into 
its  focus,  raising  the  metal  there  to  a  white  heat. 

On  approaching  a  magnet  to  this  concentrated  fire,  it 
will  draw  it  aside,  or  spread  it  out,  or  drive  it  down  so  that 
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the  metal  is  no  longer  luminous.  Withdrawing  the  magnet 
entirely,  however,  the  bombardment  is  again  directed  upon 
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the  metal  and  it  becomes  white  hot;  and  now  on  increasing 
the  current,  the  iridio-platinum  glows  with  almost  insupport- 
able brilliancy,  and  finally  melts.  All  the  preceding  experi- 
ments on  radiant  matter  are  due  to  Prof.  Crookes,  quoted 
in  Gordon's  Electricity  and  Magnetism. 

But  the  phenomena  of  electrical  discharges  in  rarefied 
gas  lead  to  a  much  more  important  goal  than  their  similitude 
to  auroral  tints,  which  was  the  chief  object  of  this  section: 
they  lead,  in  the  cathode  rays,  to  a  consideration  of  the  ulti- 
mate condition  of  matter.  These  rays  are  either  waves  in 
the  ether — mere  motion — or  they  are  composed  of  material 
I)articles;  and  the  experiments  just  described  indicate  tl;at 
they  are  l^oth — particles,  while  coursinpT  throiicfh  the  tube 
from  the  cathode,  and  waves  outside  the  aluminum  window 
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of  the  tube,  upon  which  they  beat  and  produce  the  motion 
that  passes  beyond  as  waves  of  ether,  just  as  a  heavy  body 
that  strikes  a  wall  gives  rise  to  waves  of  air  around  it. 

The  particles  in  the  cathode  ray  are  conceived  to  be  the 
primordial  corpuscles  of  matter  to  which  the  name  ions  is 
given.  They  are  not  atoms  of  the  particular  gas  pervading 
the  tube  after  partial  exhaustion,  but  matter  in  more  minute 
subdivision — smaller  even  than  the  atoms  of  hydrogen;  and 
each  charged  with  a  definite  quantity  of  electricity,  which, 
however,  is  not  the  same  for  all,  so  that  there  are  varieties 
even  amoiig  the  ions. 

Furthermore,  it  is  conceived  that  the  chemical  elements 
arc  made  up  of  tlicse  ions,  and  tliat  the  difference  in  the  ele- 
ments— ilu-  distincti\c  j)r()])crtics  of  zinc,  niercury  and  oxy- 
gen, for  example— -arises  from  varied  number  and  grouping 
of  the  different  ions. 

Such  is  the  tren<l  of  present  thought,  based  chiefly  on  tlie 
resnlf^  of  Spectrum  Analysis,  as  set  forth  in  a  former  section 
of  this  Treatise. 

The  varied  grouping  of  the  ions  to  form  the  elementary 
substances  of  nature,  has  been  illustrated  by  a  multitude  of 
very  small  magnets,  slightly  dissimilar,  to  represent  ions  of 
varying  mass  and  electrical  charge.  These  magnets  were 
mounted  singly  on  corks  so  as  to  float  in  water:  when  three 
were  placed  indifferently  in  the  water,  with  a  controlling 
magnet  above,  they  took  up  position  at  the  angles  of  a  tri- 
angle; four  placed  in  the  water,  rested  at  the  corners  of  a 
square;  and  6ve  at  the  angles  of  a  pentagon.  When  six 
were  placed  at  random  in  the  water,  and  the  controlling  pole 
above,  one  took  the  center,  and  the  five  others  grouped  into 
the  contour  of  a  pentagon  about  this;  with  eight,  two  took- 
thc  inside  and  six  the  encircling  group,  and  this  arrangement 
in  two  systems — an  inner  and  outer-— continued  up  to  eigh- 
teen magnets;  after  this,  there  were  three  systems — an  inner, 
middle,  and  outer;  for  a  still  larger  number  of  magnets,  four 


Digitized  by  Google 


SLBCTRICAL  DiSCHARGES  IN  HiGH  VACUA.  357 


systems,  and  so  on.  For  example,  several  combinations  are 
<shown  in  {A\  (B),  (C),  (D),  and  (£),  Fig.  209,  and  one  of 


{A)  (B)  {C) 

5  =  6  2;6=8  3;8  =  ii 

9  =  15  2;  8;  losao  3;  7;  10=20 

ri  =  i8  2;  7;  12;  14  =  35  3;  8;  13  =  24 

loj  i»  =  a9  3;  7;  12  ;  14  =  36 


12  ;  14  =  34 


4;  9  =  »3  S;  9=»4 

4;  S;  i3  =  *S  5J  9i  ia  =  »6 

4j  9;  »4J  iS  =  4» 
Fio.  309. 

these— (B) — is  illustrated  by  Fig.  210:  the  number  follow- 
ing the  sign  of  equality  (=)  denotes  the  total  number  of 

^  i 
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magnets  in  the  combination,  and  those  preceding  the  sign, 
the  number  of  systems  and  the  number  of  magnets  in  each 
system;  thus,  in  (B),  2;  7;  12;  14  =  35,  means  that  there  were 
35  magnets  in  all  in  the  water,  two  in  the  inside  group,  seven 
in  the  next,  twelve  in  the  third,  and  fourteen  in  the  outside 
configuration. 
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Section  Four  :  Coincidence  of  Sun-spots,  Auroras,  Magnetic 
Storms,  TeUuric  Currents^  and  Telegraphic  Intertuption. 

161.  Whether  the  phenuniena  descriljcd  in  this  Chapter 
have  such  mutual  connection  and  dependence  that  one  i;ivcs 
rise  to  another,  or  whether  all  are  due  to  some  primary  pliysi- 
cal  cause,  are  questions  that  are  yet  debatable;  and  many 
plausible  arguments  are  advanced  by  those  entertaining  dif- 
fering views  on  the  subject:  but  the  fact  is  beyond  dispute^ 
that  however  many  instances  may  be  cited  of  one  of  them 
having  occurred  independently  of  the  others,  still  there  are 
numerous  striking  coincidences  of  two  or  more,  and  this  re- 
moves the  matter  beyond  the  accusation  of  mere  chance.  It 
is  evidence  of  a  positive  nature  extending  over  many  years 
and  throughout  the  globe,  and  is  worthy  of  more  considera- 
tion than  the  mere  negative  kind  that  the  phenomena  have 
been  observed  separately. 

Some  of  the  most  notable  coincidences  will  now  be 
cited,  after  a  few  words  on  the  nature  of  telluric  currents. 

162.  Telltiric  cumnts. — ^That  our  atmosphere  has  peri- 
odic convulsions  witli  blinding  electrical  displays,  is  a  matter 
of  common  knowledge:  they  upset  telegraphic  oi)eralions; 
the  heavily  charged  masses  of  air  induce  current>  in  the  wires 
as  they  sweep  over  them,  just  as  any  other  changing  elec- 
trical field  would.  They  are  either 'Cotmtcr-cnrrents  to  the 
regnlar  battery  supply,  or  more  current  than  is  manageable, 
and  in  either  ca^-e  create  di.sorder. 

This  disorder  also  comes  from  another  source,  and  thus 
we  have  to  distinguish  between  two  kinds  of  earth-currents — 
those  that  arise  with  the  passing  storm  and  have  oidy  its  evan- 
escent existence;  and  those  that  are  due  to  a  difference  of 
potential  at  two  points  of  the  Earth — that  vary  in  direction 
and  strength,  but  are  ever  present  in  some  de^ee — that 
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have  no  kiiisliip  with  metcoroloe^ical  flisturbances,  but  are 
most  powerful  and  erratic  even  during  tite  appearance  of  an 
aurora. 

It  is  of  these  latter  currents  we  shall  treat.  They  belong  to 
the  crust  of  the  Earth,  and  were  first  noticed  during  tlie  aurora 
of  Oct.  28,  1848,  by  their  interruption  of  telegraphic  communi- 
cation.  They  have  since  been  the  subject  of  enquiry  by 
numerous  observers  in  divers  countries,  who  have  conducted 
experiments  on  telegraphic  tines  leading  to  every  point  of 
the  compass.  The  results  are  too  various  to  classify  in  a  few 
categories  as  to  direction,  but  their  characteristics  in  widely 
separated  localities  are  so  accordant  that  they  are  at  once 
seen  to  be  general  phenomena.  They  can  set  a  telegraph 
call-bell  ringing,  throw  the  mechanism  out  of  gear,  and  even 
be  a  source  of  personal  danger. 

The  essential  mode  of  observing  them  is  to  insert  the 
ends  of  a  very  long  insulated  wire  in  the  grouiul  (as  is  prac- 
tically the  case  witli  ickgraph  lines)  and  place  a  galvanom- 
eter in  circuit:  when  the  two  points  of  contact  with  the 
Earth  are  at  difTereni  potentials,  a  eurreni  will  pa>s.  whose 
-tren,L;'th  and  direction  will  be  indicated  by  a  dellection  of  the 
rieedie.  If  one  end  f>f  the  wire  be  taken  out  of  the  ground, 
of  course  no  terrestruii  current  can  enter  it;  whereas,  if  the 
current  be  due  to  inlluence — as  of  a  pas':ing  electrified  cloud, 
• — the  current  becomes  stronger  at  the  other  end,  having  only 
that  to  discharge  from. 

True  telluric  currents  may  be  due  to  the  changing  field 
of  terrestrial  magnetism:  they  may  be  the  flow  through 
Earth  of  the  auroral  flush  in  air,  or  the  latter  may  be  the 
reflex  of  the  former:  all  these  explanations  are  made.  If 
they  are  considered  composed  of  two  general  streams-— one 
with  the  parallels  and  the  other  with  the  meridians — ^the  re> 
sultant,  that  is,  the  actual  system  experienced,  would  suffice 
to  explain  the  directive  force  of  the  Earth  on  the  magnetic 
needle — ^that  is,  terrestrial  magnetism;  and  the  unequal  flue- 
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tuations  of  both  systems  of  currents  would  then  account  for 

the  periodic  changes  in  the  magnetic  elements. 

163.  The  currents  and  magnetism  of  the  Earth  connected. 

— The  classiticatiun  of  various  ualiiral  phenomena  and  plac- 
ing them  side  by  side  to  note  their  coincidence — their 
rhythmic  occurrence,  and  thus  infer  their  connection  and 
cause — has  been  a  favorite  practice  of  inquiring  minds  for 
ages. 

A  recent  writer  has  said:  "There  is  one  potent  cause 
which  for  a  large  part  rules  all  meteorological  and  magnetical 
phenomena  and  influences  them  in  a  similar  way  nearly 
simultaneously."  To  substantiate  this  statement,  lie  traces 
side  by  side  for  the  same  general  locaht\ — I  Tolland — ^thc 
curves  of  Temperature  for  fifty  years,  of  Horizontal  Mag' 
netic  Intensity  for  thirty-three  years,  of  Vertical  Intensity  for 
thirty  years,  of  Variation,  Rainfall,  and  Barometric  Pressure, 
each  for  a  certain  number  of  years,  and  all  covering  more  or 
less,  the  same  period  of  time. 

A  succession  of  maxima  and  minima  characterize  all  these 
curves,  which  occur  with  much  simultaneity  of  time,  espe- 
cially  in  the  cases  of  Temperature,  Horizontal  and  Vertical 
Intensity:  for  the  whole  period,  there  is  a  steady  creeping  up 
in  these  three  quantities  from  January  to  the  middle  of  July, 
when  a  level  occurs  until  the  middle  of  August,  and  then  a 
rapid  descent  takes  j)lace  until  Jamiary. 

Whatever  the  **  mie  potent  cause"  of  all,  it  docs  not 
aflFect  them  equal  1\ — some  are  more  sensitive  than  others, 
so  that  their  fluctuations  are  more  extreme  and  also  more 
quick  to  occur  than  others,  w  hich  seem  sluggish  and  lag  l)e- 
hind;  but.  as  a  general  rule,  a  maximum  or  a  minimum  in 
one  lias  a  corresponding  feature  in  each  of  the  others  at  the 
same  time  and  place,  even  over  the  extent  of  a  continent. 

It  is  the  purpose  in  this  Section  to  adduce  coincidences 
of  only  such  phenomena  as  bear  directly  upon  disturbances 
of  magnetic  needles — the  Compass,  in  particular. 
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From  the  Magnetic  Observatory  near  Paris  three  special 
lines  of  telegraph  liave  been  laid  for  observation  of  the  cur- 
rents jointly  with  magnetic  changes:  one  runs  north  and 
south,  one  east  and  west  (both  ten  miles  long),  and  the  third 
a  closed  circuit  of  two  and  one«half  miles  diameter;  on  each 
line  a  galvanometer  is  placed  in  circuit,  and  its  indications  are 
recorded  by  photography  like  that  of  the  magnetographs. 

Comparison  of  both  phenomena  shows  complete  identity 
of  the  curve  of  Horizontal  Intensity  with  that  of  a  current 
from  east  to  west;  the  Dip  and  a  north  and  south  current  are 
less  accordant,  sometimes  agreeing  and  again  conflicting, 
while  the  perturbations  are  of  the  same  extent;  though  in 
general  a  current  from  north  to  south  corresponds  with  an 
increase  of  Dip.  atid  conversely.  The  currents  often  precede 
the  mafjnetic  changes  by  two  or  three  minutes  (which  fact 
was  also  tound  to  he  the  case  in  I^nijland  and  Russia),  and 
again  tlicir  simultaneity  is  often  i)erfect.  Thus  the  direct  con- 
nection  of  telluric  currents  and  terrestrial  magnetism  is  es- 
tablished; incidentally,  it  will  receive  further  confirmation  as 
we  proceed  to  extoivl  ilie  kinship  of  both  to  aurora'^ 

164.  Connection  of  auroras,  earth-currents,  magnetic 
disturbanoes,  and  telegraphic  disorder.— The  Earth  and  its 
atmosphere  have  been  compared  to  an  induction-coil — ^telluric 
currents  being  the  primary  cause  of  which  the  auroras  are  the 
secondary  effects;  for  electrical  movements  occur  in  the  upper 
strata  of  air  when  'these  currents  undergo  rapid  variation. 

This  was  illustrated  by  the  great  aurora  of  September  ist 
and  2d,  1859,  visible  all  over  the  American  Continent,  and 
which  daylight  alone,  no  doubt,  prevented  being  seen  in  Eu- 
rope, where  the  following  remarkable  disorder  in  telegraphy 
was  caused  by  earth-currents  coittcidently  with  the  auroral 
display  elsewhere:  "  At  all  the  telegraphic  stations  in  France 
the  service  was  imi>eded  during  the  whole  of  September  2d, 
but  especially  at  two  periods  of  the  day.  {ram  4.30  a.m.  to  9 
a.m.  and  from  noon  to  3  p.m.   These  two  periods  were  the 


Digitized  by  Google 


362 


SUN-SPOTS i  AURORAS,  ETC 


same  at  all  stations,  and  the  greatest  disturbances  took  place 
exactly  at  the  same  hours,  at  7  a.m.  and  2  p.m.  The  phenom- 
enon consisted  in  a  current  producing  continuous  attraction 
of  the  armatures  of  the  electromagnets;  a  galvanometer  intro- 
duced into  the  circuit  showed  that  the  current  changed  its 
direction  at  varying  intervals  of  time,  of  at  least  two  minutes' 
duration.  Towards  7  a.m.  and  2  p.m.  these  currents  were  so 
strong  that  when  the  wire  was  isolated,  and  a  conducting 
substance  presented  to  ft,  it  gave  off  vivid  sparks.  The  cur> 
rents  manifested  themselves  in  all  directions;  they  seem» 
however,  to  have  been  more  marked  on  the  lines  which  went 
from  north  to  south.  The  longest  wires  always  showed 
the  greatest  disturbances.'*  (Blavier.)  The  same  day  tel- 
luric  currents  were  also  observed  in  the  greater  part  of  the 
two  hemispheres,  in  Switzerland,  in  Germany,  in  the  British 
Isles,  in  North  America,  and  throughout  Australia,  in  the 
United  States,  in  particular,  tlicy  were  so  strong  that  for 
about  two  hours  it  was  possible  to  send  messages  from  Bos- 
ton to  Portland,  and  vice  versa,  without  any  battery,  using 
only  the  telluric  current."  (Angot.)  And  again:  "On  May  * 
30,  jS>C)C),  durini::^  (he  aurora  borcalis.  w  Iiich  was  visible  from  7 
to  9  p.m.,  it  was  ol)served  that  out  of  the  sixteen  Imes  which 
terminated  in  the  telegraph  office  at  Basle,  six  were  almost 
useless  during  the  two  hours  that  the  phenomenon  lasted ;  on 
the  others  the  telluric  currents  were  not  strong  enough  ab- 
solutely  to  internipt  communication. 

"  Similar  coincidences  were  also  observed  during  the 
auroras  of  April  5,  and  October  24, 1870;  and  the  telluric  cur* 
rents  attained  an  extraordinary  development  during  the 
aurora  of  February  4,  1872,  which  was  one  of  the  most  ex* 
tensive  known:  it  was  seen  in  the  whole  of  the  west  of  Asia* 
in  the  north  of  Africa,  throughout  Europe,  and  on  the  At- 
lantic as  far  as  Florida  and  Greenland;  at  the  same  time  an 
aurora  was  observed  in  part  of  the  southern  hemisphere.  The 
disturbances  in  telegraphic  communication  were  not  less  ex- 
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tensive,  and  were  observed  with  great  care  in  great  part  of 
Europe.  In  Paris  they  began  on  the  lines  directed  east- 
ward, those  to  Germany  and  Austria,  then  on  that  to  Switz- 
erland. In  Germany  all  the  lines  were  affected,  and  com- 
munication  was  for  a  long  time  impossible  between  Cologne 
and  London ;  in  that  country  the  most  marked  perturbations 
were  observed  on  the  lines  directed  east  and  southeast. 
These  cuncnt^  were  alsu  observed  in  Italy  aiul  m  1  urkey. 
At  the  same  time  many  of  the  submarine  cables  were  so  af- 
fected as  to  prevent  the  transmission  of  any  messages;  the 
disturbance  was  especially  marked  on  the  line  from  Lisbon 
to  Gibraltar,  on  the  Mediterranean  cable,  on  the  line  from 
Suez  to  Aden,  and  from  Aden  to  Bombay,  and  finally  along 
the  transatlantic  cable  from  Brest  to  Duxbury. 

"  Lastly,  during  the  g^eat  aurora  of  November  17,  1882,  • 
the  telluric  currents  observed  in  England  were,  according  to 
Preece,  five  times  as  strong  as  the  current  usually  employed 
in  telegraphy.   Communication  was  interrupted  as  long  as 
the  disturbance  lasted."  (Angot.) 

This  testimony  of  observers  of  the  phenomena  is  explicit 
as  to  the  intimate  connection  of  auroras,  earth-currents,  and 
telegraphic  circuits. 

To  extend  the  relationship  to  the  magnetic  elements  is 
but  a  step — ^merely  to  recall  their  joint  variation  with  telluric 
currents;  or,  to  state  the  matter  as  it  probably  exists,  the  phe- 
nomenon we  call  terrestrial  magnetism  is  due  to  currents  in 
the  Earth,  and  the  Huctuafion  of  these  gives  rise  to  two  sep- 
arate phenomena;  first,  differences  of  potential  which  become 
manifest  in  w'ires  as  electrical  currents,  and.  secondly, 
chanties  in  the  magnetic  elements,  as  indicated  by  the  move- 
ment of  needles  arranged  to  show  Variation,  Dip,  and  In- 
tensity. 

Then  while  the  i)rimary  currents  flow  gently  on.  like  the 
smooth  river  following  only  the  natural  depths  and  shallows 
of  its  bed  or  the  sinuosities  of  the  banks,  there  will  be  but  the 
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normal  variability  of  currents  in  the  wire  and  small  move- 
ment of  the  magnetic  needles;  but,  as  when  the  river  tumbles 
over  rocks  and  boulders  its  water  is  broken  into  foaming 
spray  and  swirling  eddies,  so  the  wire  currents  and  magnetic 
elements  show  erratic  and  wild  movement  when  their  source 
is  greatly  disturbed. 

Such  a  period  covered  the  last  days  of  August  and  the 
first  days  of  September  of  the  year  1859,  celebrated  not  only 
lor  a  great  aurora,  widespread  telegraphic  interruption,  and 
strong  earth-currents,  but  also  for  the  most  violent  magnetic 
storm  ever  known  and  which  was  experienced  all  over  the 
world.  "  At  Melbourne,  Australia,  the  great  aurora  of  Au- 
gust 29,  1859,  was  accompanied  by  violent  magnetic  pertur- 
bations, i"  9'  in  the  Variation,  and  by  internipted  telegrai^hic 
communication;  now  these  disturbances  preceded  the  aurora. 
whicli  only  appeared  at  the  moment  when  the  telegraphic 
communication  began  to  improve.  "  (Angot.)  And  all  this 
without  any  very  unusual  atmospheric  disturbance  in  the  lo- 
calities magnetically  attected. 

It  was  at  l^|)sala  in  1741  that  irregularity  of  the  Varia- 
tion was  first  observed  during  an  aurora;  and  in  the  following 
six  years,  forty-six  examples  of  such  coincident  disturbances 
were  noted.  It  was  subsequently  observed  that  the  Dip,  and 
finally  the  Intensity,  shared  the  disturbance  during  auroral 
displays.  And  these  facts  have  since  been  abundantly  veri- 
fied by  a  host  of  observers  throughout  the  globe. 

Observation  has  brought  out  other  facts:  that,  with  very 
few  exceptions,  the  center  of  the  auroral  crown  coincides  with 
the  magnetic  zenith;  and  that  the  magnetic  disturbance  al- 
most invariably  precedes  the  aurora  when  not  simultaneous 
with  it.  This  would  lend  support  to  the  theory  that  violent 
<:hanges  in  terrestrial  magnetism  is  one  cause  of  the  aurora. 
"  The  magnetic  association  founded  by  Gauss  and  Weber  in 
1834,  and  the  stations  organized  by  Sa!)ine  in  a  certain  num- 
ber of  English  colonics,  greatly  increased  the  numl>er  of  ex- 
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amples  of  coincidence  between  the  polar  auroras  and  per- 
turbations in  the  three  elements  of  terrestrial  magnetism. 
*'  But  they  also  testify  to  the  complexity  of  the  question.  For 
though  the  gfreat  magnetic  perturbations,  which  occur  simul-  . 
taneously  in  the  two  hemispheres,  seem  to  be  always  accom- 
panied by  very  extensive  auroras,  this  is  not  the  case  with 
more  ordinary  disturbances.  These  often  appear  to  be  due 
ta  local  causes;  they  ar^  not  noticed  at  the  same  time  in  the 
two  hemispheres,  or,  in  ihc  san:c  liemisphere.  arc  not  niani- 
festcd  at  the  same  time  in  Euro(X"  and  America.  .  .  .  The 
mutionles.N  arc>  and  faint  auroras,  or  lhu.sc  wiih  slow  move- 
ments, are  j^cncrally  unacconi{)anied  hy  the  slii^litcst  agita- 
tion of  the  mag-nclic  needle;  magnetic  ])erturhation  is,  on  the 
contrary,  very  marked  during  auroras  with  distinct  outlines, 
and  those  which  present  luminous  rays  of  a  defined  character 
and  rapid  movements;  the  greatest  deviations  of  the  Com- 
pass correspond  to  the  appearance  of  great  rays,  colored  red 
and  green,  which  flash  suddenly,  like  lightning.  .  .  .  Dur- 
ing the  expedition  of  the  Polaris,  Bessels  noted  a  change  in 
the  Variation  of  12^  on  February  4,  1872,  a  little  before  the 
appearance  of  the  great  aurora  of  that  day;  he  remarked, 
moreover,  that  on  that  occasion  the  magnetic  disturbance 
preceded  the  aurora  by  about  six  hours.'*  (Angot.) 

165.  Cottnectioii  of  sun-spotSi  sdar  outbursts,  magnetic 
disturbances,  and  auroras. — A  distinction  must  be  made  be- 
tween quiet  sun-spots  and  those  accompanied  by  violent 
eruptions:  the  latter  are  easily  recognized  hy  the  spectro- 
scojH\  and  are  alone  related  to  tlic  Aurora.  1  Ik-  follow  inj^  is 
an  instance  of  ail  three — sun-spots,  eruplion,  and  aurora,  oc- 
curring together;  the  writer  is  treating  of  sun-spots  alone, 
and  then  goes  on: 

**  At  times,  though  very  rarely,  a  different  phenomenon 
of  the  mo'-it  surprising  and  startling  character  appears  in  con- 
nection with  these  ohjects;  patches  of  intense  brightness  sud- 
denly break  out,  remaining  visible  for  a  few  minutes,  moving 
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while  they  last  with  velocities  as  great  as  one  hundred  miles 

a  second. 

"  One  of  these  events  occurred  on  the  forenoon  (Green- 
wich time)  of  September  1859^  and  was  independently  wit- 
nessed by  two  well-known  and  reliable  observers,  Mr.  Car- 
rington  and  Mr.  Hodgson.  Mr.  Carrington  at  the  time  was 
making  his  usual  daily  observation  upon  the  position,  con- 
figuration, and  size  of  the  spots  by  means  of  an  image  of  the 
solar  disk  upon  a  screen,  being  then  engaged  upon  that  eight 
years'  series  of  observations  which  lies  at  the  foundation  of 
so  much  of  our  present  solar  science.  Mr.  Hodg^son,  at  the 
distance  of  many  miles,  was  at  the  same  time  sketching  de- 
tails of  sun-spot  structure  by  means  of  a  sola;  eye  piece  and 
shade-cflass.  They  simukaneously  saw  two  luminous  objects, 
shaped  somethini^  like  two  new  moons,  each  about  eight 
thousand  miles  in  leni^ih  and  two  thousand  wide,  at  a  dis- 
tance of  some  twehe  thousand  miles  from  each  otlier. 

**  These  burst  suddenly  into  sight  at  the  edge  of  a  great 
sun-spot,  with  a  dazzling  brightness  at  least  hve  or  six  times 
that  of  the  neighboring  portions  of  the  photosphere  and 
moved  eastward  over  -the  spot  in  parallel  lines,  growing 
smaller  and  fainter,  until  in  about  five  minutes  they  disap- 
peared, after  traversing  a  course  of  nearly  thirty-six  thousand 
miles.  Their  passage  did  not  seem  in  any  way  to  change  the 
configfuration  of  the  spot  over  which  they  passed.  Mr.  Car- 
rington found  his  drawing,  which  was  completed  just  before 
they  appeared,  still  quite  correct  after  they  had  vanished.  Of 
course  it  is  possible  to  question  the  connection  between  this 
phenomenon  and  the  spot  near  which  it  appeared;  but  as 
somewhat  similar  appearances  have  been  seen  by  other  ob- 
servers since  then,  and  always  in  the  neiL,dil)orlif)o(I  of  spots, 
it  is  probable  that  there  is  some  relation  in  the  case.  .  .  . 
"  Some  express  tlic  opinion  that  it  was  caused  by  some  sud- 
den and  po-K-criu]  crnpi'wn  from  heiiraflt.  such  as  the  spectroscope 
often  rcz'cais  to  us  nowadays;  an  eruption,  however,  of  most 
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unusual  brilliance  and  violence,  for  not  one  of  the  outbursts 
since  then  observed  by  the  spectroscope  has  ever  been  visible 
without  its  aid. 

"  The  event  occurred  in  the  midst  of  a  remarkable  mag- 
netic storm:  from  August  28th  to  September  4th,  there  were 
auroras  every  night  all  over  the  world,  and  the  earth-cur- 
rents were  often  so  strong  a-  -1  eatly  to  interfere  with  tclc- 
grapliic  con.iiraiiication."  (Prof.  Young.)  "There  are  a 
number  oi  observed  instances,  wliich.  tliough  not  suOicient 
to  demonstrate  the  fact,  still  render  it  very  probable  that 
every  intense  disturbance  of  the  solar  siirfa<;e  is  propagated 
to  our  terrestrial  magnetism  with  the  speed  of  light.  An  in- 
stance fell  under  the  writer's  [Frof.  C.  A.  YoungJ  notice  in 
the  course  of  a  series  of  spectroscopic  observations  at  Sher- 
man. On  August  3,  1872.  the  chromosphere  in  the  neigh- 
borhood of  a  sun-spot  which  was  just  coming  into  view 
around  the  edge  of  the  sun,  was  greatly  disturbed  on  several 
•occasions  during  the  forenoon.  Jets  of  luminous  matter  of 
intense  brilliance  were  projected,  and  the  dark  lines  of  the 
spectrum  were  reversed  by  hundreds  for  a  few  minutes  at  a 
time.  There  were  three  especially  notable  paroxysms — at 
8.45,  10.30,  and  11.50  a.m.,  local  time.  At  dinner  the  pho- 
tographer of  the  party,  who  was  determining  the  magnetic 
constants  of  the  station,  told  me,  without  knowing  anything 
about  my  observations,  that  he  had  been  obliged  to  gi\  e  up 
work,  his  magnet  having  swung  clear  ofT  the  scale.  Two 
days  later  tlic  6pot  came  arcnuul  the  edge  of  the  limb.  On 
the  morning  of  August  5th  I  l^egan  observations  at  6  40.  and 
for  about  an  iiour  witnes>cd  some  of  the  most  remarkable 
phenomena  I  have  ever  seen.  The  hydrogen  lines,  with  many 
otliers.  were  brilliantly  re\erse(I  in  the  spectrum  of  the 
nucleus,  and  at  one  point  in  the  penumbra  the  C  line  sent  out 
what  looked  like  a  blow-pipe  jet  projecting  toward  the  upper 
^nd  of  the  spectrum  and  indicating  a  motion  along  the  line 
■of  sight  of  about  one  hundred  and  twenty  miles  a  second. 
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This  motion  would  die  out  and  be  renewed  again  at  intervals 
of  a  minute  or  two.  The  disturbance  ceased  before  eight 
o'clock  and  was  not  renewed  that  forenoon.  On  writing  to 
England,  I  received  copies  of  the  photographic  magnetic 
records  for  those  two  days,  which  show  that  on  August  3d, 
which  was  a  day  of  general  magnetic  disturbance,  the  three 
paroxysms  I  noticed  at  Sherman  were  accompanied  by  pecu- 
liar twitches  of  the  magnets  in  England.  Again,  August  5th 
was  a  qtiiet  day,  magnetically  speaking,  but  just  during  that 
hour,  when  the  sun-spot  was  active,  the  magnet  shivered  and 
trembled.  So  far  as  appears,  too,  the  magnetic  action  of  the 
Sun  was  instantaneous.  After  making-  allowance  for  longi- 
tude, the  magnetic  disturbance  in  England  appears  strictly 
simultaneous  with  the  spectroscopic  disturbance  seen  on  the 
Rocky  Mountains.  .  .  .  Solar  disturbances  are  not  the  cause 
of  our  magnetic  storms,  but  one  cause  of  some  of  them; 
and  very  likely  a  cause  only  in  the  sense  that  the  pulling  of 
a  trigger  '  causes  '  the  flight  of  a  rifle-ball:  there  need  be  no 
proportmiality  between  such  a  cause  and  its  effect.''  (Prof. 
Young.) 

As  often  remarked,  it  took  years  to  bore  and  tunnel  and 
mine  the  Hell  Gate  obstruction  in  the  East  River,  New  York, 
but  the  pressure  of  a  child's  finger  on  an  electric  button  for 
a  fraction  of  a  second  sent  the  huge  mass  of  rock  flying  inta 
the  air.* 

The  periodic  fluctuation  of  the  Variation — daily,  yearly, 
and  secular — ^has  already  been  explained:  there  are  other  reg- 
ularly recurrent  maxima  and  minima  superposed  upon  these, 
like  tile  harmonics  upon  a  fundamental  note;  and  the  most 

important  one  of  them  will  now  be  mentioned  on  account  of 
its  direct  cuimection  with  the  subject-matter  of  this  Chapter. 

The  regular  daily  fluctuation  of  the  Magnetic  Variation 
difi'ers  in  amount  according  to  locality;  but  an  examination 
of  tlie  records  of  any  one  Ob^erwatory  for  a  very  long  time, 
discloses  the  fact  that  tins  amount  itself  undergoes  a  steady  in- 
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crease  and  decrease  during  a  period  of  about  eleven  years;  that  is, 
there  is  a  regular  ebb  and  Aow  of  the  great  magnetic  tides  of  the 
globe  whose  period  follows  most  closely  the  period  of  maximum 
and  minimum  number  of  sun-spots.  This  becomes  more  strik- 
ing by  tracing,  as  is  done  in  Plate  the  curves  of  both  phe- 
nomena: "  From  1820  to  1895  the  record  is  almost  contin- 
uous, and  the  coincidence  of  the  curves  is  such  as  to  make  it 
impossible  to  doubt  the  connection." 

But  both  these  phenomena  are  also  closely  allied  to 
auroras,  as  may  be  seen  from  data  carefully  and  thoroughly 
collated  by  Prof.  Loomis:  We  find  an  almost  perfect  par- 
allelism between  the  curves  of  auroral  and  sun-spot  fre- 
quency. .  .  .  Occasionally,  map^netic  storms  occur  (luiir.g 
which  the  Ciiiripa^s-ncedle  is  sometimes  almost  wild  with  ex- 
citement, oscillating  5**  or  even  lo**  within  an  hour  or  two. 
These  storms  are  generally  acc()mj)aiiicd  by  an  aurora,  or  an 
aurora  is  ah^'uys  accompanied  by  magnetic  disturbances." 
(^l*rot.  Young.) 

Between  1873  and  1892,  "  we  have  three  magnetic  storms 
which  stand  out  pre-eminently  above  all  others  during  that 
inter\'al.  In  that  same  period  we  have  three  great  sun-spot 
displays  which  stand  out  with  equal  distinctness  far  above  all 
other  similar  displays.  And  we  iind  that  the  three  magnetic 
storms  were  simultaneous  with  the  greatest  development  of 
the  spots.  Is  there  any  escape  from  the  conclusion  that  the 
two  have  a  real  and  binding  connection?  It  may  be  direct;  it 
may  be  indirect  and  secondary  only;  but  it  must  be  real  and 
effective."  (Mr.  Maunder  of  Greenwich  Observatory.) 

From  observations  at  Turin,  Italy,  extending  over  a  pe- 
riod of  148  years,  that  is,  since  1752.  Prof.  Somis,  of  the 
Royal  Academy  of  Science,  has  made  comparison  of  sun-spot 
frequency  with  the  Temperature  of  the  Air;  and  he  linds  that 
the  eleven-yearly  recurrence  oi  the  former  is  also  well  marked 
in  the  latter. 

As  a  result  of  his  investigation,  he  states  that  the  eleven- 
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yearly  fluctuation  of  the  sun-spots  and  the  mean  temperature 
at  the  Earth's  surface  are  due  to  some  j)erio(lic  cause,  which 
— actings  at  the  Sun.  increases  the  Spots;  and.  actinia  at  tlie 
Earth,  increases  the  Temperature,  with  a  retardation  in  time 
of  a  quarter  of  this  period:  on  the  other  hand,  a  similar  cause 
acts  on  the  Eanli.  (Hininishing  the  Temperature;  and  on  the 
Sun,  increasing  the  Spots,  with  a  hke  retardation. 

At  Toronto  (Canada)  and  Hobartown  (Tasmania)  a  si- 
muhaneous  progressive  increase  in  Magnetic  Disturbances 
and  Variation  was  observed  between  1843  and  '48,  amount- 
ing to  forty  per  cent  of  the  whole:  now  in  the  former  year 
there  was  a  minimum  of  sun-spots  and  in  the  latter  a  max- 
imum; and  this  coincidence  of  phenomena  on  Sun  and  Earth, 
as  well  as  at  the  utmost  extremes  of  the  latter,  clearly  pointed 
to  the  cause  being  cosmical. 

Ever  since  that  time  the  matter  has  been  dihgently  inves- 
tigated by  many  inciuirers;  but,  for  the  purpose  of  this  Treat- 
ise, it  will  suffice  to  present  the  results  obtained  by  Mr. 
Wilham  EHis  of  the  Royal  Observatory,  Greenwich,  in»  the 
form  of  curves  denoting  the  course  of  each  phenomenon, 
Plate  L.  The  upper  curve  represents  sun-spot  frequency 
during  the  years  from  1841  to  1896;  the  middle  curve,  the 
range  of  the  Variation  Magnet;  and  the  lower  curve,  the  tluc- 
tualion  of  tlie  Horizontal  Intensity:  it  is  needless  to  com- 
ment upon  the  coincidence  of  all  tbri-e — even  in  every  twist 
and  turn,  however  small,  their  sinuosities  correspond. 

Thus,  of  the  phenomena  treated  in  this  Chapter,  some — 
earth-currents,  magnetic  disturbances,  and  telegraphic  dis- 
order— ^are  of  unquestioned  electromagnetic  origin;  others — 
auroras  and  sun-spots — liave  been  shown  to  possess  close  in- 
timacy with  a  periodic  fluctuation  of  the  magnetic  elements, 
following  almost  exactly  in  their  steps;  and  electrical  dis- 
charges in  high  vacua  have  been  proven  like  unto  auroral 
streamers  and  colors:  therefore,  as  a  consequence  of  all  this 
varied  relationship,  it  is  fair  to  infer  that  auroras  also  have  an 
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PLATB  L.— CoiNaDBNCB  OF  SUN-SPOTS  AND  MAGNETIC  PHENOMENA. 
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electromagnetic  origin,  and  that  eruptive  sun-spots  are,  at 
least  at  times,  their  genesis. 

Of  course  auroras  may  have  other  sources:  electromag*- 
netic  waves  from  the  Sun;  commotions  in  the  electricity  of 
our  atmosphere;  a  violent  wrench  to  the  normal  condition  of 
terrestrial  magnetism — in  fact,  any  extensive  disturbance  of 
tlic  ether,  clectroiiiat^nctically,  thai  will  send  uut  huge  waves 
and  suifuse  the  rarer  aerial  regions  with  color. 
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CHAPTER  X. 

THE  MAGNETIC  CONDITION  IN  BODIES  OF  RESTRICTED 
SIZE;  FIELD  AROUND  THEM;  LAWS  OF  ACTION; 
EFFECT  OF  HEAT  ON  MAGNETISM. 

Sectfon  One:  Mtgaets,  Natural  and  Artificial. 

x66.  Up  to  the  present  point,  electromagnetic  phenom- 
ena  have  been  viewed  in  their  widest  range — in  Earth  and 
Air  and  throughout  Space  even  to  the  Sun;  but  now  the  elec- 
tromagnetic condition  must  be  considered  in  bodies  of  defi- 
nite size;  later  on,  the  view  will  be  narrowed  to  the  limits  of 
the  atom,  and  then  the  most  rational  theory  yet  advanced 
regarding  the  exact  nature  of  electricity  and  magnetism  will 
be  stated. 

267.  The  lodestona. — ^Throughout  Nature  is  found  more 
or  less  abundantly  a  reddish-black  ore,  both  in  lumps  and  in 
the  crystalline  form,  which  has  the  property  of  attracting  to 
itself  bits  of  iron:  they  adhere  in  greatest  quantity  aliout  two 
points  or  poles,  liowever  iri\ pillar  llie  himp  may  l)e. 

The  ore  is  an  oxide  of  iron — a  union  of  73  parts  of  iron 
and  27  of  oxygen  in  100  of  both,  or,  in  chemical  fornuila, 
Fe^O^.  and  is  mixed  with  some  earthy  matter;  it  is  called 
magnetite  by  the  mincral(\u:ist.  It  was  widely  known  in  re- 
mote antiqtiity,  and  tlic  projicrty  of  attracting  iron  served  to 
give  it  in  each  country  a  name  descriptive  of  this  peculiarity. 
That  of  "  magnet,"  however — derived  from  the  province 
of  Magnesia  in  Asia  Minor,  where  it  was  found  in  great  quan* 
tity — ^has  survived,  to  become  its  distinctive  appellation. 
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It  was  known  to  the  ancients  that  it  would  impart  its  vir- 
tue to  iron  by  rubbing,  so  that  this  would  in  turn  act  as  a 
magnet:  this  is  proven  by  the  following  extract  from  the 
poem  De  Rerum  Natura  by  Lucretius,  who  flourished  about 
sixty  years  before  the  Christian  era.  Translation  by  Dr. 
Busby. 

Now,  chief  of  all,  the  magnci  s  power  I  stag, 
And  from  what  laws  the  attractive  functions  spring  ; 
The  magnet's  name  the  obsen  ing  Grecians  drew 
From  the  magnetic  region  where  it  grew  ; 
Its  viewless  potent  virtues,  men  surprise. 
Its  strange  effects  they  view  with  wondering  eyes, 
When,  without  aid  of  hinges,  links,  or  springs, 
A  pendent  chain  we  hold  of  sterly  rings 
Uropl  from  the  stone— the  stoiu-  the  binding  source- 
Ring  cleaves  to  ring,  and  own  magnetic  force  : 
Those  held  superior,  those  below  maintain, 
Circle  'neath  circle  downward  draws  in  vain. 
Whilst  free  in  air  disports  the  oscillating  chain. 

About  the  tenth  century  it  was  discovered  that  if  a  piece 
of  this  ore  were  suspended  by  a  thread  so  as  to  hang  horizon- 
tally, it  would  settle  into  a  definite  direction — ^the  magnetic 
meridian:  this  made  it  at  once  a  most  valuable  guide  or 
leader  both  afloat  and  ashore,  and  accordingly  it  received  the 
name  of  Lodestone,  or  leading  stone,  from  the  Saxon  word 
Laedattt  to  lead. 

i68.  The  steel  magnet,— According  to  its  -temper  and 
quality,  a  mass  of  iron  or  steel  of  any  form — wire,  rod,  or  bar 
— may  be  converted  into  a  majGfnet  of  more  or  less  power. 
The  means  to  this  end  are  varidiis,  with  corresponding  dif- 
ferences of  effect.  The  magnetic  -condition  can  he  pro- 
<lucefl  by  iiuldini,'^  a  bar  in  the  line  of  EMp  and  striking  it  on 
end  with  a  mallet;  but  the  mild  inthience  of  terrestrial  mag- 
netism win  tlicreby  yield  only  a  feeble  majj^net:  powerful  steel 
magnets  drawn  over  the  bar  will  impart  a  i)ro])ortionate 
measure  of  their  own  strength:  while  the  field  of  an  electric 
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current  traversinc:  a  spiral  coil  of  wire  in  whose  axis  a  bar  is 
placed,  will  make  of  this  the  stroni^est  magnet  ])OSsib]e. 

There  is  a  limit,  however,  beyond  which  no  method  will 
increase  the  power  of  a  magnet.  To  understand  this,  as  well 
as  to  afford  a  mental  image  of  a  magnet,  various  conceptions 
of  its  interior  structure  have  been  formed:  the  two  principal 
are,  1st,  that  each  molecule  of  the  iron  is  itself  a  magnet,  and 
2d,  that  a  closed  current  of  electricity  is  forever  circulating 
round  the  limiting  surface  of  each  molecule.  In  the  neutral 
state,  or  when  the  bar  exhibits  no  magnetism,  these  atomic 
magnets,  or  molecular  currents,  are  heterogeneously  mingled 
— their  axes  point  in  all  possible  directions;  while  the  process 
of  magnetization  is  only  the  tendency  of  a  magnetic  flow  to 
turn  their  axes  all  one  way:  a  slight  ripple  through  their 
midst  wilt  turn  but  a  few;  a  strong  wave  will  wheel  about 
many ;  and  a  powerful  flood  will  swing  all  into  line,  and  then 
the  process  can  do  no  more — the  magnetic  condition  is  com- 
j)lete.  But  il  will  not  remain  so:  the  natural  tendenc)'  of  the 
little  magnets  or  currents  is  to  return  to  their  lielter-skelter 
condition — some  will  do  so.  e\en  in  the  most  lii^lily  tem- 
pered steel,  and  tlie  magnet  thus  loses  strength,  according  to 
universal  experience. 

Twisting  a  wire  is  essentially  a  derangement  of  its  mole- 
cules— the  act  excites  magnetism  in  the  wire — ^and  this  shows 
that  the  magnetic  condition  is  molecular. 

The  use  of  the  electric  current  to  induce  the  magnetic 
condition  will  be  treated  in  the  chapter  on  making  compass- 
needles,  and  the  means  are  so  effective  and  so  generally  avail- 
able, that  it  is  almost  needless  to  describe  the  process  by  bar- 
magnets;  but  the  emergency  may  arise  when  this  is  the  only 
means  at  hand. 

If  only  one  magnet  is  available,  it  is  to  be  held  vertically 
and  passed  from  left  to  right  over  the  bar  to  be  magnetized 
(laid  flat  on  the  table)  so  as  to  touch  every  part  of  its  surface: 
begin  at  (i)  Fig.  211,  a  little  distance  from  the  bar,  and  end 
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.^t  (3)  a  little  beyond  it;  at  the  latter  point,  raise  the  magnet 
vertically  a  foot  al)ove  the  bar,  carry  it  at  this  height  and  in 
this  way  to  the  left,  bring  it  down  to  touch  the  bar  again  at 
ii)*      make  the  pass  to  the  right  as  before;  do  this  several 
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Fig.  911. 


3 


(8) 

!  f 

^  i' 


Ml 


times;  then  turn  the  bar  over  and  repeat  the  same  number 
of  passes  un  the  other  side. 

\\  hen  two  magneto  can  be  had.  they  are  to  be  held  one 
in  each  hand,  slightly  inclined  to  the  horizon,  lower  poles  of 
opposite  name,  and  joined  as  in  Fig.  212:  then  draw  them 


apart  and  beyoiul  the  ends  of  the  bar,  raise  them  well  above 
the  latter,  bring  them  back  to  its  center,  and  make  another 


BAR 


Fig.  213. 


3 


pass,  and  several  more  as  at  first:  the  same  number,  made  in 
the  same  %vay,  to  be  repeated  on  the  other  side  of  the  bar. 
With  four  magnets,  the  procedure  is  identically  that  with 
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two,  only  that  two  of  them  arc  placed  as  at  A/j  and  M^^  Fig. 
213,  to  lap  tlie  ends  of  the  bar  al>out  an  inch. 

1£  a  sheet  of  paper,  a  pane  of  glass,  a  board,  or  any  other 
non-magnetic  material,  be  placed  between  the  magnets  and 
the  bar,  these  will  not  of  tlxemselves  lessen  the  inducing  mag- 
netic flux;  but  as  the  strength  of  this  at  different  points 
varies  inversely  as  the  square  of  the  distance  from  its  focal 
source — ^the  pole  of  the  magnet— every  remove  of  this  pole 
from  the  bar  by  means  of  an  interposed  substance,  will,  of 
course,  allow  'only  a  weaker  region  of  the  flux  to  act,  and 
therefore  produce  only  a  weaker  effect. 

If  the  bar  be  of  rectangular  cross-section,  an  equal  number 
of  passes  should  be  made  on  all  four  faces;  and  the  harder 
the  steeK  the  greater  the  number  of  passes  requisite  to  induce 
tlie  maximum  magnetic  condition. 

Tiy  means  of  niagncls.  and  a  siiital)lc  niiinher  of  passes, 
the  strength  of  any  magnet  may  obviously  be  lessened,  or 
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entirely  annulled,  or  even  the  poles  reversed,  by  a  process  the 
converse  of  magnretization — ^that  is,  using  the  opposite  poles 
from  those  employed  to  call  forth,  the  strength. 

Severe  blows,  a  fall  upon  a  pavement,  or  rude  shocks  of 

any  kind  will  set  up  vibration  in  the  nioleoules  of  a  magnet 
and  either  lessen  its  power  or  wholly  destroy  it. 
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MAQMET 

Fig.  sis. 

Fig.  214  represents  a  row  of  molecules  with  their  axes 

helter-skelter,  whether  these  be  the  axes  of  atomic  magnets, 

or  of  circular  electric  currents:  anrl  Fig.  215  the  same  mole- 
cules wheeled  into  line  by  the  magnetic  flux  liuough  them 
from  anv  source. 
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169,  Tbe  etoctronuisiiet.— Usually,  an  electromagnet  is 
thought  of  as  a  kind  of  spool  wound  with  insulated  copper 
wire  in  overlying  layers,  through  which  an  electric  current 
may  be  sent;  but  in  reality,  the  shape  that  bears  the  circuit 
may  be  most  varied — round,  square  or  horseshoe,  flat  or 
elongated,  solid  or  tubular,  regular  or  irregular;  and  each 
will  have  the  same  characteristics — behave  like  a  steel  mag- 
net ill  every  particular  when  alive  with  current.  l)Ut  it  is 
active  only  when  its  life-blood  circulates — inert,  when  this 
ceases  to  flow;  and  either  condition  may  be  imparted  to  it 
by  the  )>rc^sure  of  a  button. 

The  power  of  an  electromagnet  increases  with  the 
strengtli  the  current,  or,  tin's  remainiiiL;  constant,  with  the 
number  oi  turns  of  the  wire;  therefore  with  both:  if  the  form 
be  tubular,  to  fill  the  core  with  soft  iron — the  purest  wrought 
iron,  for  instance — ^will  further  add  to  the  strength:  if  the 
form  be  cylindrical,  and  we  could  sec  the  current  circulating 
through  the  wire  as  a  material  Huid,  it  would  seem  to  flow 
contrary  to  the  hands  of  a  watch,  looking  at  one  end  full 
in  the  face,  and  this  is  the  north  pole;  while  it  would  be  with 
the  hands  of  the  watch  if  we  view  the  other  end,  and  this  is 
the  south  pole.  The  rule  is  universal,  whatever  the  form  of 
the  magnet. 

170.  The  electro-static  magnet. — When  two  insulated 

metal  spheres  of  same  size  are  charged  with  etjual  (piantities 
of  hkc  or  unlike  electricity  by  a  Wini.shurst  machine,  and  are 
separated  by  the  distance  of  a  few  diameters,  the  ether 
around  them  is  in  a  state  of  strain  exactly  like  that  surround- 
iuL''  the  like  or  unlike  poles  of  a  steel  magnet  or  an  electro- 
magnet, and  may  be  rendered  apparent  to  tiie  eye  by  the 
same  means,  viz..  strewing  fine  iron  dust  on  n  sheet  of  paper 
above  them.  The  lines  of  force  thus  made  visible  are.  as  it 
were,  threads  of  the  highly  clastic  ether  which  may  be 
stretched  indefinitely  without  snapping — so  great  is  the  elas- 
ticity of  the  ether;  so  that,  removing  one  of  the  spheres  to 
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any  distance,  will  only  draw  out  the  thread  to  finest  tenuity 
— ^not  break  it:  therefore,  wherever  we  find  a  charge  of  elec- 
tricity on  a  body,  we  must  consider  that  there  is  an  equal 
charge  of  opposite  kind,  somewhere,  on  another  body.  In- 
deed a  charge  necessarily  carries  with  it  a  stress  in  the  sur- 
rounding medium,  and  this  stress  implies  a  pull  somewhere; 
for  it  is  inconceivable  that  a  burden  should  experience  the 
tne:  of  a  rope  attached  to  it  wiihoui  some  power  holding  at 
ilic  other  end. 

There  is,  then,  no  such  anomaly  as  an  isolated  charge — 
the  positive  nee<ls  the  ncjcrative  for  its  existence,  though  we 
may  see  l)ut  one — and  tlui>  we  ha\e  what  may  he  called  the 
e1ectro-j/a/»r  magnet,  in  complete  analogy  to  the  electromag- 
net and  the  steel  inai^tiet 

X7X.  Distribution  of  magnetism  in  a  bar. — The  distinc* 
tive  virtue  of  a  magnet  becomes  apparent  only  by  its  effects, 
as  for  instance,  its  power  to  deHect  a  compass-needle;  but 
this  power  is  not  the  same  at  all  points  of  the  magnet's  sur- 
face, and  to  determine  its  varying  value,  is  to  ascertain  the 
distribution  of  magnetism  in  the  bar.  Roughly,  it  may  be 
done  by  rolling  the  magnet  in  a  heap  of  iron  filings:  it  will 
come  out  thickly  coated  with  them  in  some  parts  and  almost 
nude  in  others — the  former  indicate  magnetic  strength,  the 
latter  its  weakness. 

For  accuracy,  however,  recourse  must  be  had  to  methods 
of  oscillation  or  induction,  the  latter  being  the  most  accurate. 
By  ()sci!lafio)i.  In  another  part  of  this  Treatise,  it  is  proved 
that  a  body  swinging  under  the  intlueiue  of  a  central  force, 
as  a  jjeiidiiluni  by  gravity  or  a  con]j)a>>-needlc  by  magnetism, 
will  make  a  certain  number  of  oscillations  in  a  given  time,  de- 
pendent on  the  intensity  of  the  force;  and  that  the  square  of 
the  number  of  oscillations  becomes  an  index  of  the  force. 
Using  this  principle,  a  small  needle,  delicately  poised  and  free 
to  move  in  a  horizontal  plane,  is  set  upon  a  pillar  as  at  C,  Fig. 
216.  and  OMM Hated  for,  say  one  minute,  under  the  influence 
of  the  Earth's  magnetism  alone. 
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The  magnet  M  is  then  put  in  place — ^vertically  in  a  groove 
of  a  board  B  so  that  it  may  be  moved  up,  with  means  to  clamp 
it:  a  scale  at  the  side  indicates  the  distance  moved  through^ 
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and  as  the  end  of  the  magnet  reaches  each  mark»  the  needle 
is  oscillated  for  the  same  time  as  at  first-^ne  minute. 

By  Terrestrial  Induction,  the  magnet  is  temporarily 

strengthened  when  one  pole  is  uppermost,  and  weakened 
w  hen  the  other  is;  to  get  at  the  mai^netism  proper  of  the  bar, 
therefore,  oscillations  must  he  made  with  it  in  both  positions, 
and  the  Tiican  taken.  Suppose  tliese  nicaits  to  he  34,  30,  2(> 
.  .  .  respectively,  with  the  maj^net-end  at  the  points  i,  2, 
3  ...  of  the  scale,  and  that  the  number  due  to  the  Earth 
alone  is  10;  then  tiie  values  of  the  force  at  the  corresponding; 
distances  from  the  end  of  the  magnet  are  34^  —  lO*  —  1056; 
36*  —  10^  =  800:  and  26-  —  lo*  =  576. 

Continuing  the  oscillations,  it  would  be  found  that  they 
steadily  decrease  until  the  magnet  has  risen  about  half  its 
length,  where  they  are  practically  the  same  as  tmder  the  in- 
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fluence  of  the  Earth  alone;  then  they  steadily  increase  to  the 
•other  end  of  the  bar,  the  numbers  being  the  same  as  the  first 
:series. 

The  effect  of  the  Earth's  magnetism,  throughout,  is  elim- 
inated by  subtracting  the  square  of  the  number  of  oscillations 
due  to  it  alone  from  the  mean  of  the  sets  at  each  division  of 
the  scale:  the  smalt  needle  has  a  definite  period  of  oscillation 

dependent  on  its  fomi,  weight,  and  magnetism;  but  these 
quantities  beiu^  constant,  will  not  affect  tlie  relative  valueh 
of  the  results  obtained. 


Later  on,  it  will  be  seen  that  the  lines  indicating  the  total 
intensity  of  a  magnet  arc  neither  parallel  nor  perpendicular 
to  its  surface;  ,^o  that  the  foregoing  experiment,  in  which  the 
needle  is  always  oscillated  at  right  angles  to  the  length  of  the 
magnet,  determines  only  values  of  the  normal  component  of 
the  total  force. 
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If,  now,  the  magnet  be  laid  across  the  meridian,  as  in  Fig. 
217,  and  the  values  1056,  800,  576,  ...  be  laid  off  accord- 
ing to  any  scale  of  equal  parts  as  ordinates  As^,  Bjt", 
etc.,  to  the  successive  distances  i,  2, 3  .  .  .  of  Fig.  216,  used 
as  abscissas  AT^,  ^jr",  JVy",  etc., — to  the  northward  for  one- 
half  the  magnet  and  to  the  southward  for  the  other  half — ^and 
tlie  ends  of  the  ordinates  be  joined,  a  curve  will  be  traced 
ABC  .  .  .  M  .  .  .  C'B'A\  which  is  characteristic  of  the 
magnetic  intensity  of  the  bar:  and  however  varied  in  size  and 
strength  the  magnet  may  be,  this  curve — tyi>ical  of  its  mag- 
netic distribution — will  be  snbstantially  the  same. 

If  the  normal  components  are  rleterminetl  at  sutiiciently 
close  intervals,  the  ordinates  that  represent  them  will  form 
the  area  bounded  by  a  branch  of  the  curve,  by  the  end- 
ordinate,  and  by  half  the  length  of  the  magnet:  the  center  of 
gravity  g  of  this  area  is  the  point  of  application  of  the  resultant 
R  of  these  ordinates  or  parallel  forces:  prolonging  the  result- 
ant of  each  group  to  the  axis  of  the  magnet,  /T,  we  have  the 
magnetic  couple  R  —  It  —  R*  acting  on  the  bar,  or  the  mag- 
netic momettt  R.lt,  which,  jointly  with  the  Earth's  couple, 
turns  it  into  the  meridian  when  free  to  move. 

The  effort  to  turn  is  the  greatest  in*  the  position  shown, 
for  the  perpendicular  distance  between  the  forces  R  and  R* — 
one  factor  of  the  Earth's  couple — ^will  decrease  with  the  angle 
the  bar  makes  with  the  magnetic  meridian. 

W  hile  the  magnetic  moment  may  be  found  i^raijliually  in 
this  way,  the  method  is  not  given  as  a  means  of  doing  it,  but 
to  show  clearly  what  the  (|uantity  is. 

B\  Indueiioii.  W'lienever  a  \on\->  or  coil  of  wire  is  moved 
in  the  vicinity  of  a  magnet,  or  the  latter  near  the  former,  a 
current  of  electricity  is  temporarily  induced  in  the  wire;  it  is 
the  variable  magnetic  field  encountered  in  either  movement 
that  excites  the  current:  this  is  the  principle  of  the  Induction 
method. 

A  ballistic  galvanometer  is  used  to  indicate  the  current. 
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and  it  may  be  said  that  its  distinctive  feature  is  a  heavy  needle 
whose  slow  movement  is  a  kind  of  summation — an  integra- 
tion, as  it  were,  of  the  several  impulses  of  the  transient  cur- 
rent: the  sine  of  ha]f  the  angle  of  the  first  swing  is  propor- 
tional to  this  current,  and  as  the  latter  is  much  or  little  ac- 
cording to  the  field  traversed  by  the  wire,  the  angle  of  swing 
therefore  becomes  an  index  of  the  field. 
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Fig.  2i8. 

The  magnet  M  is  placed  as  in  Fig.  2i8,  horizontally  in  the 
magnetic  meridian,  and  two  sets  of  observations  made  with 
each  po!e  successively  toward  the  north.   A  single  loop  of 

small  wire,  C.  close  fitting,  and  connected  to  the  galvanom- 
eter, is  placed  on  the  magnet,  and  slipped  quickly  from  one 


division  to  another  of  the  scale,  5,  resting  at  each  long 
enough  to  note  the  swing  of  the  needle  and  allow  it  return 
to  zero.  The  plane  of  the  loop  is  at  right  angles  to  the  length 
of  the  magnet,  so  that  the  several  deflections  indicate  only 
values  of  the  normal  component  of  the  magnet's  total  inten- 
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sity — the  same  as  in  the  oscillation  method.  To  ubtaui  their 
resultant,  a  coil  of  insulated  wire  is  jjlaced  as  in  Fig.  219,  at 
the  middle  of  the  bar,  and  drawn  quickly  toward  the  north — 
oflf  the  magnet,  and  beyond  it  a  few  inclies.  noting  instantly 
the  throw  of  the  needle;  this  is  done  with  the  other  pole  to- 
ward the  north:  and  both  movements  of  the  coil  arc  repeated 
toward  the  south  with  each  pole  alternately  in  that  directior. 

The  mean  deflection  for  each  half  of  the  bar  is  an  index 
of  the  resultant  of  the  group  of  parallel  forces  acting  on  it. 

To  convert  the  angular  indices  of  the  individual  forces, 
as  well  as  the  index  of  their  resultant,  into  absolute  measure, 
both  loop  and  coi]  are  taken  off  the  magnet  and  away  from  its 
influence,  and  connected  with  some  source  of  electricity:  a 
sudden  current— either  **  make  "  or  **  break/*  is  then  sent 
through  coil  and  loop,  and  the  deflection  of  the  needle  noted 
in  each  case. 

The  field  of  this  current  can  be  measured  in  dynes,  and 
comparison  of  the  deflection  it  causes,  with  those  observed 

when  the  loop  and  coil  were  on  the  maf^net,  afford  the  means 
of  determining  the  n  rinal  components  antl  their  resultant  in 
absolute  measure — ds  nc>. 

172.  Characteristics  of  a  magnet. — h  rom  tlie  {>receding, 
it  is  evident  that  the  distinctive  features  of  a  mai^^net  are  two 
foci  of  strcn^-th— one  near  each  end — shading  oH  in  intensity 
toward  a  neutral  ground  in  tlie  middle.  These  foci  are  called 
poles,  and  have  opposite  qualities,  since  they  pr<Kluce  dis- 
similar efTects — one  attracting  one  end  of  a  suspended  needle, 
while  the  otiicr  repels  the  same  end.  If  a  bar-magnet  be 
placed  on  a  slab  of  cork  and  floated  in  water,  it  will  turn  until 
its  axis  is  in  the  magnetic  meridian;  but  it  will  not  then  move 
either  north  or  south:  this  proves  that  the  poles  are  of  equal 
strength — ^that  it  is  truly  a  magnetic  couple  that  acts  on  the 
bar;  and  yet,  if  the  bar  be  placed  with  its  axis  at  right  angles 
to  the  meridian  on  a  table,  and  a  small  needle,  free  to  oscil- 
late in  a  horizontal  plane,  be  set  at  some  distance,  one  pole 
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of  the  magnet  may  produce  a  different  deflection  from  the 
other  pole,  indicating  an  apparent  inequality  of  power.  The 
real  explanation  of  this  Is,  that  the  strength  is  concentrated 
in  one-half  the  magnet  and  diffused  in  ihe  other  half,  and  the 
difference  in  distance  of  the  resultant  of  each  from  the  end  of 
the  bar  produces  the  difference  in  deflection:  this  resultant 
is  the  same,  however,  as  if  the  individual  forces  had  been 
symmetrically  spread  over  each  half  of  the  bar;  and  the  pole 
must  llierefore  he  thought  of  as  the  i)oiiU  uf  application  of 
the  resultant  of  the  parallel  fori;es  acting  on  each  half  of  the 
magnet. 

Irre.L^ular  distril)Ution  may  he  due  to  some  peculiarity  of 
the  steel,  or  uf  tempering,  or  of  magnetizing,  or  of  all  com- 
bined: but  either  pole  cannot  be  called  into  existence  in 
greater  or  less  degree  than  its  congener,  and  tiiere  is  no  such 
thing  as  a  magnet  with  one  pole. 

Since  attraction  occurs  only  between  poles  of  opposite 

I  IMC 
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name,  the  end  of  the  magnet  that  points  to  the  terrestrial 
north  should  in  strictness  be  called  a  south  pole;  but  custom 

has  decreed  otherwise,  and  better  than  run  counter  to  this, 
would  be  the  tacit  understanding  that  the  polarities  diti'er. 
and  continue  to  call  both  the  magnetic  pole  of  the  Earth  and 
the  [xile  of  the  magnet  that  points  to  it,  by  the  same  name, 
and  this  i>  done  throughont  this  ])()()k. 

Fig.  J  JO  represents  the  vari<>n>  means-— letters,  colors, 
and  marks — that  are  used  to  distinguish  the  poles. 
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By  extensive  experiments,  it  has  been  found  that  in  mag- 
nets oC  seven  inches  and  upward,  the  poles  are  1.6  inch  from 
the  ends;  and  in  magnets  of  less  length,  they  are  located  at 
one-sixth  the  length  from  the  ends. 

Secttoa  Two :  The  ICagnetic  Fkld. 

173.  Magnetic  bodies  an  suYrotmded  by  a  field  of 
inlliieiice. — ^In  1 576,  Robert  Norman,  writing  of  the  endeav- 
ors of  that  time  to  determine  the  nature  of  magnetism,  sets 
forth  in  quaint  language  the  fact  that  the  magnet's  influence 
is  not  restricted  to  its  surface,  but  extends  well  into  space 
aruuiid  it. 

"  Now.  therefore,  as  I  have  before  declared  that  diverse 
have  whetted  their  wits,  yea.  and  dulled  them,  as  I  have  mine, 
and  yet  in  the  end  have  l^een  constrained  to  t1ie  to  the  stone 
(I  mean  God),  who  (to  conclude)  hath  given  vertue  and 
power  to  this  stone,  proper  in  itselfe  to  shewe  one  certaine 
point  by  his  owne  nature,  and  not  snbject  to  anie  other  acci- 
dent in  Heaven  nor  in  Eartli.  but  freelie  by  his  own  proper 
vertue,  received  at  His  mightie  bands  in  creation;  and  by  the 
same  vertue  the  needle  is  turned  upon  his  owne  centre.  I 
mean  the  centre  of  his  circular  and  invisible  vertue  pearcing 
all  things  and  staied  by  nothing,  bee  it  wall,  boord,  glasse,  or 
anything  whatsoever. 

*'  And  surety  I  am  of  opinion  that  if  this  vertue  could  by 
anie  meanes  bee  made  visible  to  the  eie  of  man,  it  would  be 
found  in  a  sphericall  forme  extending  round  about  the  stone 
in  L^reat  compasse,  and  the  dead  hodie  of  the  stone  in  the 
middcst  thereof,  whose  centre  is  the  cciUrc  of  the  aforesaid 
vertue." 

The  '*  vertue  *'  has  been  made  visible,  and  not  only  this, 
but  its  strens^tli  measured  and  the  direction  in  wliich  it  is  ex- 
erted, determined  for  every  point  of  the  region  of  its  influ- 
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ence;  the  form,  too,  or  bounding  surface  of  the  region  has 
received  a  kind  of  hazy  definition:  it  partakes  much  of  the 
shape  of  the  magnetic  body  iiself — round,  when  that  is  a 
sphere — elHpsoidal,  when  it  is  elongated. 

It  is  in  the  magnetic  field  that  the  effects  of  its  kernel — 
the  magnetized  body — are  experienced;  this  field,  therefore, 
is  of  the  utmost  importance,  and  will  be  treated  with  the  va- 
riety of  illustration  it  requires. 

By  the  magnetic  field,  is  meant  specifically  a  portion  of 
the  ether  immediately  surrounding  a  magnetized  body  of  any 
kind — a  region  in  which  an  abnormal  condition  is  manifest; 
perhaps  a  strain  somewhat  like  that  of  a  tense  spring,  created 
by  the  magnetic  body:  and  as  the  spring  cannot  be  pulled 
into  a  tense  condition  from  one  end  only,  but  must  be  held 
or  fastened  at  the  other  end,  and  hence  suffers  strain  through- 
out all  its  convolutions,  so  the  stress  in  the  ether  is  conveyed 
on  and  on  from  the  vicinity  of  a  magnet  to  some  other  point 
where  it  becomes  opp>osite  in  direction:  if  the  stress  is  out- 
ward from  the  north  pole  of  a  magnet,  it  must  be  inward  at 


Fig.  221. 


the  south  pole,  in  order  that  the  lines  of  force  between  them 
exist  at  all.  The  stress  becomes  less  and  less  as  we  recede 
from  the  poles,  and  at  no  great  distance  becomes  too  small 
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to  measure  with  our  instruments;  and  so  we  define  that  as  its 
boundary  limit;  but  this  is  true  only  to  our  senses. 

It  is  the  magnetic  field  that  acts  inductively  upon  all  iron 
coming  into  its  midst  and  excites  in  it  the  magnetic  condi- 
tion: even  more,  iron  being  the  most  permeable  substance  to 
such  a  field,  the  lines  of  force  gather  in  upon  it  in  preference 
to  g-oing  throuerh  air.  Let  Fig.221  represent  the  cross-section 
of  a  massive  tuUuuir  body,  such  as  a  gun-turret  or  coiuiing 
tuwer,  then  the  terrestrial  magnetic  flow  will  concentrate 
upon  it  from  witliout.  pass  onward  through  the  iron,  and 
emerge  into  air  ai^ain.  leaving  the  interior  free  of  flow:  thus 
a  compass  placed  inside  is  deprived  of  its  natural  directive 
force,  and  Ijccomes  listless,  if  not  entirely  useless. 

Fields  of  influence  exist  not  only  around  steel  magnets, 
but  also  around  electroniagnets,  around  wires  carrying  cur- 
rents, and  around  bodies  charged  statically  with  electricity; 
and  these  various  fields  mutually  react  upon  each  other:  this 
points  to  an  intimate  relationship  between  these  several  elec- 
tromagnetic manifestations. 

The  magnetic  field,  in  fact,  is  only  one  instance  of  a  sphere 
of  influence  that  is  proper  to  every  phenomenon  in  nature:  a 
sounding  body  becomes  less  audible  as  we  recede  from  it,  un- 
til at  length  a  point  is  reached  where  it  is  not  heard  at  all;  a 
source  of  light  grows  dimmer  with  distance,  and  eventually 
vanishes  from  view;  the  heat  of  a  stove  can  be  felt  only  within 
a  certain  radius;  the  electrifying  effects  of  a  charged  body  are 
limited  to  a  specitic  region  about  it;  chemical  action  is  re- 
stricted to  atomic  spaces:  and  even  the  influence  of  person  is 
of  most  avail  only  by  actual  presence — the  absent  are  easily 
ignored. 

174.  Various  methods  of  exploring  the  magnetic  field. 
— The  most  striking  means  of  j)ortraying  the  magnetic  held 
is  by  fine  iron  filings  strewn  on  a  sheet  of  paper  above  the 
magnet;  they  group  themselves  into  delicate  filaments  that 
delineate  every  feature  of  the  field:  these  are  the  lines  of  force 
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made  visible — F'iq.  222 — and  they  are  the  same  whether  the 
magnet  be  a  steel  bar,  a  cyhndrical  coil  alive  with  current,  or 
two  spheres  charged  with  opposite  electricity. 

Each  mote  of  the  iron  dust  is  itself  a  mac^nct,  with  minute 
foci  of  strength  and  a  neutral  zone  as  well  dehned  as  in  the 


Flti.  323. 


largest  magnet,  and  the  tracery  they  form  on  the  paper  is 
caused  hy  the  attraction  of  dissimilar  poles,  north  to  south, 
in  synnnetrical  alignment. 

The  picture  exhibits  a  horizontal  section  through  the  held; 
but  if  the  cut  were  in  any  other  plane— either  vertical  or  in- 
clined at  any  angle — the  structure  and  general  aspect  would 
be  the  same:  the  held  is  homogeneous  in  nature  and  eUip- 
soidal  in  form. 

The  magnetic  field  can  also  be  surveyed  with  small 
needles,  one  free  to  move  in  Variation,  the  other  in  Dip,  and 
the  indications  of  both  mapped  into  two  views — z,  horizontal 
plane  ^and  a  vertical  section.  Let  AT,  Fig.  223,  represent  a 
magnet  laid  flat  on  the  table,  and  the  numbers  around  it,  sta- 
tions to  which  a  small  variation-needle  is  successively  car- 
ried: at  each,  it  points  toward  the  nearest  pole,  and  in  the 
middle  is  i)arallel  to  the  bar.  If  a  third,  a  fonrth.  and  other 
outlying  series  of  stations  l)e  occupied,  the  needle  would  in- 
dicate the  same  symmetry  of  direction  until  a  distance  were 
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reached  where  tlie  magnet's  power  \va«  no  longer  felt,  and 
that  is  said  to  be  the  Hmit  of  the  held. 

It  is  evident  that  if  the  magnet  be  turned  on  edge  so  that 
the  side  that  was  up  become  vertical,  and  the  variatioinneedle 
be  replaced  by  an  equally  small  dip-needle,  the  deHections  of 
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the  latter  would  be  similar  to  those  of  the  former,  and  we 
should  thus  get  a  view  of  the  vertical  section. 

It  is  also  evident  that  if,  in  aiMition  to  being  laid  flat  and 
set  on  edge,  the  magnet's  surroundings  could  be  examined 
in  planes  through  its  axis,  but  inclined  successively  at  greater 
angles  to  the  vertical,  the  results  would  differ  in  no  wise,  in 
kind,  from  those  of  corresponding  stations  in  the  horizontal 
and  vertical  planes.  In  other  words,  we  should  find  the  ether 
symmetrically  stressed  all  round  the  magnet.  The  exploring 
needle  in  reality  indicates  a  tangent  to  a  line  of  force,  and  if 
such  lines  in  any  plane  were  prolonged,  they  would  present 
the  aspect  of  Fig.  222. 

The  strength  of  the  field  at  the  several  stations  could  be 
ascertained  by  oscillation  experiments,  and  thus  we  should 
have  determined  the  Magnetic.  Elements  of  the  bar — ^its  Vari- 
ation, Dip,  and  Intensity. 

It  is  by  metliods  entirely  analogous  that  the  magnetic 
field  of  the  Earth  has  been  explored:  to  many  points  of  its 
surface.  Variation  compasses,  Dip  circles,  and  Oscillating 
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needles  have  been  carried  and  observed,  and  when  the  results 
were  examined,  characteristics  identical  with  those  of  the 
bar-magnet  were  disclosed — focus  of  strength  m  each  hemi- 
sphere toward  which  lines  of  equal  Variation  converged  like 
meridians;  crossing  these,  after  the  manner  of  parallels,  were 
lines  of  equal  Dip,  those  of  the  north  separated  from  those  of 
the  south  by  a  line  of  no-dip;  while  curves  of  less  and  less  In- 
tensity circled  outward  from  each  pole.  True,  all  these  have 
not  the  symmetry  and  regularity  of  their  prototypes  in  the 
magnet,  but  in  both  cases  they  truly  represent  the  condition 
of  their  respective  bodies — the  one,  the  diverse  agglomera- 
tion of  the  globe;  the  other,  the  uniform  composition  of  a 
steel  bar. 

Lastl)-,  thai  the  Slii]>  is  a  magnet  will  be  shown  by  a  |)r()- 
cess  to  be  described  in  I'art  Third,  which  in  no  wise  dillcrs  in 
principle  irum  that  pursued  with  the  bar  and  the  Earth:  the 
Ship,  equally  with  the  Earth,  exhibits  its  variety  of  make-up 
by  irregular  and  contorted  features,  but  the  features  of  a  mag- 
net, still. 

The  reciprocal  action  of  two  magnets  is  probably  a  com- 
plex phenomenon,  but  a  simplified  image  of  it  may  readily  be 
formed.  Fig.  224  represents  a  large  bar  in  whose  field  a  small 
needle  is  balanced  between  attraction  along  the  lines  Ns'  and 


Fio.  334.  Fig.  12$. 


Sn,  and  repuUion  along  Xn'  ami  Ss'.  By  shortening  the 
Tieedie  hV,  each  pair  of  lines  A'/  and  A'n\  Sn'  and  Ss\  may 
be  made  more  nearly  of  the  same  lem^tii,  until  eventually  lliey 
practically  coalesce  and  we  have  two  lines,  as  in  Ficf.  225.  if 
we  consider  one  of  them  to  stand  only  for  diminished  attrac- 
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tion  between  iV  and  s'  because  of  the  repulsive  effect  of  N 
upon  n'\  and  the  other  for  diminished  repulsion  only  between 
S  and  s'  because  of  the  attractive  effect  of  S  upon  n':  and 
thus,  as  in  Fig.  225.  we  have  only  two  forces  to  consider — 
PAT,  attractive;  and  PS,  repulsive. 

The  point  P  being  anywhere  in  the  field,  it  will  be  shown 
later  that  the  force  acting  upon  it  varies  inversely  as  the 
square  of  the  distance  from  the  foci  N  and  S\  that  is,  if  iVP 
=  ^  SP,  then  the  attraction  at  P  is  i  and  the  repulsion 
laying  uff  /  equal  to  i  and  /7>  c(jual  lu  ],  according  to  any 
scale, and  completing  the  parallelogram, its  diagonal  PR  is  the 
resultant  and  indicates  the  direction  of  the  needle,  that  is.  a 
tangent  to  a  line  of  force:  and  hy  such  means  ihe  lines  of  force 
for  the  whole  held  may  he  drawn,  and  a  reproduction  of  Fig. 
222  ohtained  in  its  entirety. 

The  field  of  any  particular  magnet  has  certain  features 
conunon  to  all  magnets,  whatever  their  form,  and  the  matter 
will  he  further  illustrated  hy  an  account  of  an  investigation  of 
one  by  Prof.  Airy  and  Mr.  Carpenter  of  the  Greenwich  Ob- 
servatory. The  cuts  have  been  drawn  from  a  description  of 
the  procedure,  and  are  intended  merely  to  illustrate  the  prin- 
ciples involved.  In  Fig.  226,  is  a  table  on  which  a  stand  B, 
1.8  inch  high,  may  be  set.  Before  beginning  the  experiment, 
the  Earth's  magnetism  was  completely  neutralized  by  large 
magnets,  so  that  a  compass  C,  with  needle  one  inch  long,  was 
entirely  devoid  of  direction  on  every  part  of  the  table.  A 
large  sheet  of  j)apcr  was  fastened  on  top  of  the  table  and  an 
outline  ot  the  magnet  -1/  tlrawn  upon  ii:  around  this  the 
sixty-eight  stations  of  Fig.  223  were  accurately  anrl  syiunietri- 
cally  located.  The  l)ar  A/.  14  inches  long,  1.4  inch  wide  and 
0.35  inch  thick,  was  then  placed  within  its  contour  line;  it  had 
been  magnetized  many  \  ears,  and  was  in  a  stable  condition, 

01)ser\  ations  were  made  with  the  magnet  in  two  positions 
— ^flat,  and  on  edge,  and  they  were  conducted  as  follows:  the 
compass  was  set  at  each  station,  and  a  circle  scribed  about  its 
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box;  the  ends  of  the  needle  were  marked  by  two  dots  on  the 
paper,  and  when  the  box  was  removed,  these  were  joined  by 
a  delicate  line,  which  gave  the  axis  of  the  needle,  that  is,  the 
direction  of  a  line  of  force  at  that  station. 

The  intensity  of  this  force  was  determined  by  balancing 
it  against  a  constant  one — ^that  of  a  horseshoe  magnet,  and 


Fig.  9a6. 


the  method  was  this:  in  Fig.  226,  M'  is  the  magnet,  and  C  the 
small  compass;  its  needle  will  point  in  the  direction  C»,  un- 
der the  influence  of  M'  alone;  now  bring  down  the  horseshoe 
magnet  //,  vertically,  until  its  poles  are  at  a  specified  distance 

from  the  needle  and  transv^erse  to  its  axis;  the  needle  will  take 

a  new  direction — (  interchange  the  position  of  the  poles 
of  the  horseshoe,  and  tlie  needle  will  take  anotlier  direction 
— Cn  \  tlie  mean  valne  of  these  two  anjOfles  of  deviation  is  the 
deflection.  The  stand  B  was  set  on  the  talde  al)o\e  the  niai,^- 
net  .1/,  to  rest  the  horseshoe  on,  and  the  deviations  were 
found  by  marking  dots,  as  before,  on  the  ])a])er,  at  the  ends  of 
the  needle.  The  cotangent  of  tlie  restdiing  deHection  at  each 
station  gave  the  force  of  M  at  that  point.  Tliis  becomes  evi- 
dent from  Fig.  227:  M  is  the  magnet,  CA  the  direction  of  the 
needle  under  its  influence  alone,  and  CB  its  direction  balanced 
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between  M  and  the  horseshoe  HH*\  the  length  of  the  side  CA 

may  be  taken  to  represent  the  strength  of  M,  which  alone  is 

variable  in  different  parts  of  the  field,  and  AB  the  stren_i;th  of 

the  horseshoe — a  constant;  ACB  is  the  dellection:  then 

(^/{   

cot  ACB  —       whence  CA  =  AB .  cot  ACB, 

By  having  a  circle  on  transparent  material  j^^raduated  to 
cotangents,  and  laying  it  down  on  the  defection  at  each  sta- 


+ 


Fn;.  227. 

tion,  the  force  was  read  off  at  once;  and  the  mean  of  the  re- 
sulting figures  at  corresponding  symmetrical  stations  are 
given  in  Table  23 — values  of  the  large  magnet's  force. 

These  were  resolved  longitudinally  and  transversely  to 
the  magnet  M,  by  constructing  on  each  as  hypothenuse,  a 
right-angled  triangle  whose  sides  were  the  components 
sought:  these  are  given  in  'ral)le  J4  for  points  whose  coor- 
dinates have  the  center  of  the  magnet  for  their  origin. 

When  the  large  sheet  of  j)aj)er  was  renio\  ed  from  the  top 
of  the  table  A,  it  exhibited  in  short  delicate  lines  the  direc- 
tions of  the  necfllc  at  the  several  stations:  the  jiaper  was  then 
folded  along  its  axis  .va'\  Fig.  226,  and  held  against  a  window- 
pane  SO  that  the  Hnes  on  each  half  were  clearly  visible;  as  they 
were  symmetrical  on  both  sides  of  the  magnet,  they  should 
coincide;  when  such  was  not  the  case,  a  line  was  drawn  mid- 
way between  them  as  the  mean  direction;  the  paper  was  then- 
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unfolded,  and  again  doubled — this  time  on  the  axis  yy'.  Fig. 
226,  and  the  previous  operation  repeated:  the  mean  of  these 
directions  are  those  given  in  Fig.  223  as  the  direction  of  the 

Table  23. 

magnetic  force  of  a  large  magnet  af.  fig.  223.  at  the 
points  or  stations  in  its  field  denoted  by  the 
numbers  around  it. 


Poaition  of  (be  Magnet  M. 


Numbera  of  tke  SuUona. 


(•) 


(?)      (3)  (4) 


(5) 


/6 


3 

J5 

17 

3 

14 

18 

4 

13 

»9 

5 

13 

20 

6 

11 

21 

7 

10 

22 

8 

9 

23 

so 

49 

5» 

33 

48 

52 

34 

47 

53 

35 

46 

54 

36 

45 

55 

37 

44 

56 

38 

43 

57 

39 

4a 

58 

40 

4t 

59 

30 
99 
28 

27 
26 

34 


68 

67 
66 

65 
64 
63 
63 
61 
60 


Pr«rsi  ni!ri|f  its     Presenting  lis  fiat 
E'igf  to  the  Sidt  to  the 

Station. 


Station. 


(6) 


a74 

326 

408 

566 
678 
632 

513 

600 

160 

163 
191 
224 
335 

311 

193 

175 
181 
901 


<7) 


393 
363 
480 

54a 
480 

454 

584 

160 

165 

i«3 

200 

317 

J97 

180 

173 
177 
193 


needle  at  the  several  stations,  that  is,  the  direction  of  the 
force  of  the  magnet. 

It  will  be  seen  that  they  converge  toward  two  points — 

each  one-twelfih  (Vi)  the  length  of  the  bar  from  its  end,  and 
these  are  the  poles.  Tables  i},  and  J4  arc  instructive  as  show- 
ing the  \  arying  strenc^tli  of  tlic  Held. 

Tn  addition  to  the  foregoing  methods  of  tracing  tlie  hnes 
of  force,  tliey  may  also  be  made  both  luininoiis  and  audible, 
i^et  a  large  electromagnet  be  alive  with  a  powerful  alternating 
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current,  and  its  intermittances  will  BIl  the  surrounding  space 
with  ether  waves,  which,  if  traversed  by  a  small  coil  con- 
nected to  a  telephone,  will  actuate  this  into  a  variable  hum 

Table  24. 

LONGITUDINAL    AND  TRANSVERSE    COMPONENTS   OP  THE 

MAGNETIC  FORCE. 

[Cols.  (6)  and  (7)  of  Tabic  23],  with  the  CoHrJinates  of  the  Poi  nts  of  the 

Field  for  which  the  Force  is  ^^ivt-n.  the  Center  of  the  Magnet  M, 
Fig.  323,  being  ihc  Ongiu  uf  CourUinatCS* 


CoBcdioMea  of  Sutieo 
in  Pieia. 


Poaltloa  of  the  MigMC  M, 


Frcseotiog  its  Edfi  to  the 
Sutioa. 


PrcteoUng  its        Sid*  to 
the  Sutioa. 


LonfUudinal 
Ordieste. 

Tran»v«rsc 
OrdinaM, 

Longitudinal 
rotfCB. 

TransYcree 
Force. 

Longitudinal 
Force. 

Transverse 
Force. 

0.0 

2.2 

-  a74 

0 

—  250 

0 

1.4 

2.2 

-  283 

+ 

161 

—  260 

+  137 

2.8 

2.2 

—  262 

-1- 

315 

—  236 

■\-  276 

4.2 

2.2 

—  198 

530 

-  182 

-f  444 

5.6 

9.2 

-  56 

+ 

678 

-  36 

+  540 

7.0 

2.2 

-f-  216 

585 

+  158 

+  451 

8.08 

1.76 

+  367 

+ 

360 

+  325 

+  315 

8.5 

0.7 

+  s8o 

166 

4-  552 

-f  184 

0.0 

3  7 

—  160 

0 

—  160 

0 

1-4 

3.7 

-  147 

73 

~  149 

+  7a 

9.8 

3*7 

-  127 

143 

—  123 

136 

4.2 

3.7 

-  88 

- 

205 

-  79 

+  185 

5.6 

3.7 

-  19 

235 

—  12 

+  317 

7.0 

3-7 

+  49 

+ 

205 

+  190 

8. 13 

3-5 

+  95 

L 

167 

+  92 

-f  154 

9.12 

2.8 

f  129 

- 

r- 

122 

\-  124 

f  118 

9  79 

1.84 

-1-  159 

83 

-r  157 

+  82 

lO.O 

0.7 

H-  «99 

43 

4-  190 

+  40 

that  strikes  the  car:  ur,  if  the  coil  be  connected  to  a  liiiie  in- 
candescent lamj).  this  will  ^duw  and  fade  as  the  furrowed  ether 
field  is  crossed,  and  thus  g^ive  ocular  evidence  of  its  condition, 
175.  The  features  of  the  magnetic  field  produced  in  air 
and  Wdter. — The  view  taken  of  the  electromais^netic  phe- 
nomena with  which  this  Treatise  is  especially  concerned,  is 
that  they  are  due  to  waves  of  the  ether  of  space;  that  these 
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waves  are  caused  b\  vibrations  of  the  atoms  of  matter;  that 
the  same  atom  has  different  vibrations,  just  as  a  tense  piano- 
wire  vibrates  as  a  whole  and  also  in  sections  of  varied  length, 
giving  out  the  fundamental  note  and  its  harmonics;  and  that 
these  several  vibrations  of  the  atom  give  rise  to  waves  that 
produce  heat,  light,  and  chemical  action,  as  well  as  electro- 
magnetic effects. 

Numerous  facts  have  been  cited  to  show  both  the  exist- 
ence of  the  ether  apd  the  waves  in  it:  another  may  be  added 
to  the  number— communication  by  wireless  telegraphy. 

That  a  little  instrument,  under  the  motive  power  of  an 
electric  current,  can,  without  visible  connection,  affect  an- 
other instrument  miles  away,  through  fog  and  rain  and  driv- 
ings grale.  and  even  through  tiie  dense  rock  of  mountain 
range,  and  this  b\  syrnpatlietic  movement  only,  when  the  sec- 
ond instrument  is  attuned  to  the  first  and  the  waves  fall  ujion 
it.  like  the  timed  impulses  upon  a  swing,  before  it  will  re- 
spond in  intelligible  language — that  this  can  be  done  and  is 
an  accomplished  fact,  over  a  hundred  mile>  of  distance,  is 
truly  as  good  proof  of  the  existence  of  a  medium  for  the  elec- 
tric impulse  as  that  vocal  vibrations  require  air  for  their  trans- 
mission. 

The  air  will  not  respond  to  the  electric  voice,  and  if  mov- 
ing as  the  hurricane,  will  not  interfere  with  it;  so  that  another 
medium  must  intervene;  and  waves  other  than  its  own — even 
tn  the  ether — ^will  not  affect  an  electromagnetic  instrument: 
the  actinic  ray,  the  ray  of  light,  or  the  ray  of  heat  might  beat 
forever  on  a  galvanometer  without  turning  its  needle  from 
the  meridian;  but  let  a  dynamo  begin  molding  the  ether  into 
waves  that  proceed  along  a  wire.  an<l  at  once  tlie  needle 
swings  from  rest  and  ac(iuires  a  i>ernianent  deviation. 

Water,  air,  and  glycerine  arc  but  fluids  of  differing  den- 
sity, and  perhaps  the  ether  of  space  is  a  fluid  also;  and  air, 
water,  and  <;1ycerine  around  pulsating  b<iilies  acquire  ati  ab- 
normal condition  whose  features  are  identical  with  those  of 
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the  stressed  ether  about  electric  and  magnetic  l)odies.  The 
water  is  clearly  before  our  eyes,  and  its  condition  is  the  result 
of  mechanical  movement  at  our  hands;  but  the  ether  and  the 
method  of  producing  its  stressed  state  are  not  within  the 
scope  of  experimental  demonstration:  yet  when  the  results  in 
the  one  and  the  other  are  the  same,  it  is  but  fair  to  infer  that 
their  causes  may  also  be  identical. 

The  means  by  which  bodies  are  made  to  vibrate  in  fluids 
will  now  be  described;  the  conditions  thereby  produced,  oc* 
cupy,  probably,  the  lower  round  of  a  ladder  at  whose  top 
such  phenomena  as  the  stressed  state  of  ether  around  electric 
and  magfnetic  bodies  may  be  found— extremes  of  gradation, 
not  differences  in  kind. 

A  vibratory  motion  of  an  atom  or  body  is  one  in  which  its 
bounding  surface  clianges  form:  it  is  a  quivering  of  the  sub- 
stance. A  bell  vibrates  while  emitting  its  decadent  notes,  for 
they  are  due  to  an  inward  and  outward  movement  of  the  rim. 

It  is  conceivable  that  a  change  of  form  may  take  place  va- 
riously, and  thus  give  rise  to  different  kinds  of  waves  in  the 
medium. 

Pulsating  and  vibrating  are  equivalent  terms,  but  oscillat- 
ing is  a  different  motion — it  is  a  to-and-fro  movement  of  the 
body  cn  massc^  like  a  pendulum:  a  blow  to  the  latter  while  os- 
cillating will  set  up  vibration  in  its  particles. 

The  experiments  about  to  be  described,  were  made  by 
Prof.  Bjerknes  and  Mr.  Stroh,  and  the  particular  form  of 
pulsating  body  used  was  a  little  drum  with  elastic  rubber 
heads — Fig.  228. 

Two  such  drums  are  pulsating  in  the  same  phase  when 
both  expand  or  both  contract  together,  as  in  Figs.  229  and 
230,  Plate  M:  and  in  opposite  phase  when  one  is  distending 
while  the  other  is  drawing  in.  Figs.  1  an  1  j^j;  dud  similarly 
with  oscillating  bodies  when  moving  as  indicated  by  arrows 
beneath  the  balls  in  Figs.  233.  234.  235.  and  236.  Plate  M. 

It  was  found  by  these  experiments  that  there  is  close 
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analogy  between  the  mutual  effects  of  pulsating  and  oscillat- 
ing bodies  on  the  one  hand,  and  the  recij^rocal  action  of  mag- 
netic poles  and  of  electrified  bodies  on  the  other:  but  with 
this  qualification:  in  all  cases,  the  mechanical  result  is  the 
converse  of  the  electromagnetic. 

The  law  of  variation  of  force  in  both  the  mechanical  and 
electromagnetic  fields  is  the  same  in  all  cases — inversely  as 
the  square  of  the  distance. 


Fig.  237. 


Fig.  237  represents  the  apparatus  used  in  the  experi- 
ments: two  little  drums  (Fig.  jjS)  are  immersed  in  water,  one 
held  in  the  hand  by  a  flexible  tube  that  leads  to  a  small  air- 
pump,  and  the  other  fitted  to  the  end  of  a  delicate  rod  that 
has  motion  on  a  pivot,  like  a  compass-needle;  this  drum  also 
connects  -with  another  pump  by  a  flexible  tube;  the  pistons 
of  both  pumps  are  moved  by  a  wheel  with  connecting-rods, 
as  shown,  and  they  are  susceptible  of  such  arrangement  that 
the  drums  may  pulsate  in  the  same  or  opposite  phase  as  de- 
sired. 

When  the  drum  in  the  hand  is  brought  within  the  influ- 
ence of  the  other,  and  both  are  pulsating  in  the  same  phase. 
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the  pivoted  drum  will  move  up  to  the  hand  drum — showing 
attraction;  this  is  the  converse  of  two  similarly  electrified 

bodies,  or  two  like  magnetic  poles:  on  the  other  hand,  when 

the  drums  are  pulsating  in  opposite  phase,  the  pivoted  drum 
is  repelled,  which  again  is  the  converse  of  the  electric  and 
magnetic  cases. 


6i 


Fig.  998. 


Fig.  938. 


To  depict  the  lines  of  force  in  the  fields  of  pulsating  bodies, 
another  apparatus.  Fig.  238.  is  used  in  connection  with  the 
trough  of  water  and  little-pumps:  it  consists  of  a  metal  ball  B 
supported  on  a  i)edestal  by  an  elastic  steel  rod;  wherever 
placed  in  the  water,  the  ball  oscillates  along  a  line  of  force, 
that  is.  ill  the  direction  in  which  the  waves  raised  by  the  pul- 
salini;  l)ody  are  moving;  a  tine  wire  with  a  camel's-hair  brush 
at  the  end  C",  extends  upward  from  the  ball,  and  as  this  latter 
moves  to  and  fro  under  the  impulse  of  the  waves,  the  brush — 
partaking  of  the  motion — traces  out  the  lines  of  force  on  the 
under  side  of  a  pane  of  smoked  glass. 

By  such  means  the  mechanical  fields  in  water  due  to  va- 
ried conditions  of  the  pulsating  bodies  were  delineated:  they 
are  represented  by  the  odd-numbered  drawings  from  Fig. 
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-239  to  255,  while  the  even-numbered  drawings  from  Fig.  240 
to  256  represent  the  magnetic  and  electric  fields  produced  by 
corresponding  conditions,  formed  by  iron  filings. 


Fig.  239.  Fig.  340. 

Fig".  239  shows  the  effect  of  a  small  bladder  cHstcnding 
and  collapsing,  and  Fig.  240  that  of  a  single  magnet  pole- 
Straight  lines  radiating  from  a  center  in  l)oth  cases. 

Fig.  241  exhibits  the  result  of  a  single  body  oscillating 


Fig.  341.  Fig.  343. 


along  a  line  corresponding  to  the  axis  of  a  magnet  whose 
field  is  depicted  in  Fig.  242:  both  have  radial  lines  from  each 
end  gradually  curving  toward  arches  on  the  sides. 

Fig.  244  represents  the  field  of  two  similar  magnet  poles, 
and  Fig.  243  the  effect  of  two  bodies  pulsating  in  the  same 
phase,  as  in  Figs.  229  and  230:  the  trains  of  waves  caused  by 
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both  drums  meet  midway  and  arc  forced  outward  from  a 
center  exactly  as  the  Hnes  of  iron  tilings  are  by  mutual  repul- 
sion. 


Fio.  247.  Fig.  348. 


Fig.  246  shows  the  field  of  two  poles  of  opposite  name, 
and  Fig.  245  that  of  two  bodies  pulsating  in  opposite  phase, 
as  in  Figs.  231  and  232:  as  the  faces  of  both  drums  are  mov- 
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ing  in  the  same  direction  at  the  same  time,  the  trains  of  waves 
from  them  merely  flow  back  and  forth  between  them  and 
radially  outward  elsewhere;  and  this,  too,  is  perhaps  the 


Fig.  350. 


movement  of  the  ether  that  causes  the  iron  filings  to  assume 
exactly  similar  curves. 

Figs.  247  and  248  exhibit  a  combination  of  the  effects 


Fio.  859. 


shown  separately  in  the  four  preceding  figures — two  mag- 
netic poles  of  the  same  name  and  one  of  a  different  name  con- 
trasted with  two  bodies  pulsating  in  the  same  phase  and  one 
in  opposite  phase:  the  lines  of  force  in  both  cases  are  iden- 
tical. 

Figs.  249  to  256  represent  analogies  between  oscillating 
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bodies  and  electric  currents,  and  the  experiments  were  per- 
formed in  a  viscous  fluid,  such  as  glycerine.  Fig.  250  repre- 
sents the  field  about  a  wire,  and  Fig.  249  that  about  a  cylin- 
der oscillating  round  its  axis  like  the  balance-wheel  of  a. 


Fig.  854. 


watcli,  the  axes  of  wire  and  cylinder  being  perpendicular  to 
the  plane  of  the  paper:  in  both  cases  the  lines  of  force  form 
circuits  concentric  with  the  moving  surfaces.  Figs.  251  and 
252  represent  similar  conditions  to  the  preceding,  except  that 
the  field  is  taken  longitudinally  to  the  moving  surfaces;  and 
in  both  instances  the  lines  of  force  are  parallel  to  these  sur- 
faces. 

Figs.  254  and  253  show  fields  of  two  currents  and  two 
cylinders,  all  perpendicular  to  the  plane  of  the  paper:  the  cur- 
rents run  in  the  same  direction  and  the  cylinders  oscillate  in 
the  same  way,  as  if  connected  by  a  belt;  and  the  similarity  of 
the  fields  is  apparent. 

Fig.  256  shows  the  field  of  two  currents  running  in  op- 
posite directions,  but  parallel,  and  Fig.  255  that  of  two  cylin- 
ders oscillating  in  opi)nsite  Vays,  as  if  connected  by  cog- 
wheels on  each  axis;  and  again  the  identity  of  the  lines  of 
force  is  evident. 

Thus,  in  two  fluids  that  differ  from  the  ether  of  space  only 
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in  density  and  viscosity — by  a  long  stride,  to  be  sure,  but  still 
a  step  through  stages  of  matter — ^have  been  produced  lines  of 


Fig.  356. 


force  that  are  identical  with  those  excited  in  the  ether  hy 
maj^netic  and  electric  means:  vibratinq-  and  oscillating  bodies 
of  bnlk  and  weig^ht  gave  rise  to  the  abnormal  conditions  in 
the  gross  lluids,  and  it  is  qnite  possible  that  similar  motions  of 
atoms  canse  the  same  in  the  refined  ether. 

The  etfects  of  pulsating  bodies  in  air  will  now  be  de- 


Fio.  as7* 


scribed.  Fig.  257  represents  the  apparatus  used:  it  consists 
essentially  of  two  air-pumps  which  may  be  actuated  by  an 
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electric  current  in  such  way  that  either  like  or  unlike  phase 
of  two  pulsating  drums  is  produced  at  will.  The  air-pumps 
are  at  A  and  B  beneath  the  table,  and  the  battery  E  supplies 
the  current  which  is  controlled  by  the  keyboard  at  C.  Flex- 
ible tubes  lead  from  the  pumps  and  convey  air  to  the  little 
drums  p  and  q\  upon  the  table  the  tube  D  has  one  of  these 
drums  at  its  end,  the  tube  being  pivoted  at  F  so  as  to  have 
free  motion  in  a  horizontal  plane.  When  the  pump  connec- 
tions are  so  arranged  that  air  is  forced  out  or  sucked  in,  in 
both  drums  at  the  same  instant,  producing  the  condition  of 
their  elastic  heads  seen  at  m  and  «,  Fig^.  258 — that  is,  same 
phase — this  will  give  rise  tu  aUractioii  between  the  drums, 
and  if  q  is  held  in  the  hand,  p  will  move  up  to  it  e\en  from 
some  little  distance;  hut  when  arranged  so  that  one  drum- 
head is  bulged  out  coincidently  with  the  other  being  drawn 
in,  as  at  h  and     Fig.  259 — that  is,  opposite  phase — this  will 


Pio.  s$8.  Pig*  959. 


cause  repulsion  between  the  drums,  and  if  q  be  held  in  the 
hand,  p  will  move  away  from  it. 

It  will  be  observed  that  these  phenomena,  like  the  similar 
ones  in  water,  are  the  converse  of  the  mag^netic  and  electric 
effects. 

For  further  experiments  in  air,  the  apparatus  is  arranged 

as  in  Fig.  2rx>,  where  tiic  tubes  are  supi)ortcd  by  rods  in  such 
way  that  the  drums  may  be  drawn  apart  to  any  desired  dis- 
tance. 


Digitized  by  Go  ^v,i'- 


THB  MAGNETIC  FIELD, 


A  pulsating  body  creates  waves  in  air  just  as  in  water, 
and  the  directions  th^  take,  indicate  the  lines  of  force:  to 
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map  them  out,  a  small  gas  flame.  Fig.  261,  is  used,  as  it  will 
blow  in  the  direction,  and  to  the  extent  of  the  amplitude,  of 
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the  wave.  By  carrying  sucli  a  Hanie  all  over  the  field  affected 
by  one  or  both  of  the  drums  of  Fig.  2^x3  when  pulsating,  and 
carefully  observing  and  recording  the  motions,  the  three 
Figs,,  262,  263,  and  264,  were  obtained:  the  first  ib  from  a 
single  membrane;  the  second  from  two,  pulsating  in  the  same 
phase;  the  third  from  two,  in  opposite  phase:  and  the  identity 
of  all  with  the  fields  around  magnetic  poles  is  apparent. 


4IO 


MAGNETIC  CONDJTIOlf  IN  SMALL  MASSES. 


It  is  a  curious  fact  that  a  little  vane,  Fig.  265,  with  two 
wings  will  come  to  rest  in  every  case  at  right  angles  to  the 
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lines  of  force:  this  is  another  means  of  mapping  them  out,  as 
is  shown  by  Fig.  266 — fields  produced  by  the  pulsating  drums 
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of  Fig.  260,  and  in  which,  again,  we  find  the  same  features 
that  have  already  been  depicted. 

In  order  to  compare  the  field  of  air,  Fig.  266,  with  a  field 
of  ether  under  magnetic  strain,  the  apparatus  of  Fig.  267  was 


Fig.  968. 


used:  it  consists  of  two  electromagnets  whose  pole  ends  are 
the  same  size  as  the  pulsating  drums  of  Fig.  260;  like  those, 
they  can  be  drawn  apart  to  any  distance,  and,  by  means  of  a 
switch'board,  can  be  converted  into  poles  of  like  or  unlike 
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name  to  correspond  with  the  drums  in  like  or  unlike  phase. 
Thus  there  is  complete  analogy  between  the  two  instruments 
{Figs.  260  and  267),  the  first  to  produce  trains  of  waves  in  air 
by  visible  pulsating  membranes,  and  the  second,  waves  in 

the  hypothetical  ether  by  the  assumed  vibration  of  atoms. 

To  make  this  magnetic  field  visible,  a  card  was  cut  to  the  out- 
line of  the  sj)ace  between  the  poles  of  the  n]agnet^  ciiul  placed 
in  the  horizontal  plane  of  their  axes;  iron  filings  were  strewn 


Fig.  a6$. 


on  this  cardboard,  and  with  the  magnet  alive  and  poles  first 
of  the  same  and  then  of  different  name,  the  characteristic 
fields,  Fig.  268,  were  obtained:  it  will  be  seen  that  they  are 
identical  with  the  fields  of  air  of  Fig.  266  obtained  by  the  me- 
chanical  instrument  of  Fig.  260. 

Next,  a  little  platform,  £,  Fig.  267,  having  a  wire  frame 
on  which  an  iron  disc  D  about  a  centimetre  in  diameter  was 
suspended,  was  placed  equidistant  between  the  electromag- 
nets, and  the  current  turned  on:  when  the  poles  were  of  same 
name,  the  disc  stood  at  right  angles  to  the  axes  of  the  mag- 
nets, and  when  of  different  name,  parallel  thereto — in  both 
cases  j)arallcl  to  lines  of  force,  as  may  be  seen  by  comparison 
with  Fig.  2f>X.  The  action  upon  the  iron  disc  to  produce  such 
results  wai>  of  course  electromagnetic  induction. 

Now  placing  the  board  /:  with  its  disc  D  between  the  pul- 
sating drums  of  Fig.  260,  the  following  is  observed:  when  the 
dmims  vibrate  in  like  phase  the  disc  turns  parallel  to  their 
axes,  and  when  in  unlike  phase,  at  right  angles  thereto— that 
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•  is,  in  both  cases  across  the  aerial  lines  of  force,  as  the  little 
vane  did,  and  the  exact  converse  of  the  magnetic  case,  wlicn 
tlie  disc  was  i)laced  l)et\vccn  the  live  electromagnets,  where 
it  stood  parallel  to  the  lines  of  magnetic  force. 

The  force  which  produces  these  effects  is  not  the  same  in 
all  parts  of  the  field:  between  the  membranes  in  milike  i)hase 
and  the  poles  of  contrary  name — see  B  in  both  Figs.  260  and 
2r.S — the  greatest  directive  force  is  in  the  center  on  the  axis; 
while  betwccti  membranes  in  like  phase  and  similar  poles — 
see  A  of  both  Figs.  266  and  268 — the  greatest  force  is  near 
the  circumference  of  drum  and  pole — ^in  which  both  the  me- 
chanical and  magnetical  fields  agree. 


Fig.  S67. 


In  the  preceding  experiments,  the  cttcct  of  two  different 
rates  of  vibration  of  the  pulsatjng  membranes  w:is  tried,  that 
is,  one  drimi  of  the  ])air  pulsating  faster  than  the  other  per 
second:  and  in  every  jxjssible  combination  of  two  different 
rates,  only  attraction  resulted:  therefore  it  would  seem  that 
the  only  conditions  upon  which  repulsion  can  be  had.  are,  that 
the  vibrations  of  the  two  membranes  be  absolutely  of  the 
same  rate  per  second,  and  that  they  be  in  opposite  phase;  and 
this  would  lead  to  the  assumption  that  if  magnetism  is  due  to 
the  vibration  of  some  medium,  the  rate  of  vibration  of  that 
medium  must  be  the  same  in  all  magnets,  that  is  to  say,  one 
particular  rate  of  vibration  of  the  medium  would  constitute 
magnetism. 
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Thus,  in  air,  water,  and  glycerine — ^thrce  widely  differing 
flaids — ^it  has  been  shown  that  an  abnormal  condition  arises 
around  vibrating  and  oscillating  bodies,  and  that  this  me- 
chanical field  bears  the  closest  analogy  in  its  features  to  the 
field  of  ether  around  a  steel  magnet  or  a  cylindrical  coil  of 
wire  alive  with  electricity:  one  more  condition  remained  to  be 
tested — tlic  stress  in  the  ctlicr  around  a  static  charge  on  a 
body,  and  tliis  has  recently  been  done.. 

Upon  a  pane  of  glass  fine  mahogany  sa\v(iust  wa*;  sifted 
to  form  an  even  layer:  to  the  under  side  of  the  glass  two  cir- 
cles of  tin-foil  were  pasted  and  connected  by  wire  with  a 
Wimshurst  niaciiine.  W  hen  one  circle  only  was  char!j;-ed 
with  either  kind  of  electricity,  the  sawdust  settled  into  radial 
lines  exactly  as  iron  filings  do  on  a  sheet  of  paper  above  one 
pole  of  a  vertical  map^net;  when  both  circles  were  charired 
with  the  same  kind  of  electricity,  the  sawdust  assumed  the 
characteristic  curves  of  two  magnet  poles  of  same  name  op- 
posed to  each  other;  and  when  the  charges  were  respectively 
plus  and  minus,  the  sawdust  took  form  identical  with  the 
filings  around  a  north  and  a  south  pole  facing  each  other. 
The  sawdust — ^appai^ntly  non-magnetic — behaves  exactly 
like  the  intensely  magnetic  iron  filings;  and  the  question 
arises,  W  hy?  The  flux  from  the  magnets  converts  the  par- 
ticles of  iron  into  so  many  minute  magnets  which  join  end  to 
end  and  form  the  visible  lines  of  force:  and  such,  no  doubt,  is 
also  the  case  with  tlic  c^^rain^  of  wood.  Xearly  all  substances 
in  nature  are  magnetic— variously,  to  be  sure,  and  the  gap 
l>etween  iron  and  wood,  in  the  scale,  is  well  shown  by  the 
avidity  with  which  <he  tilings  of  the  one  will  line  up,  com- 
pared with  the  feeble  movement  of  the  grains  nf  the  other, 
which  must  be  coaxed  into  shape  by  continued  tapping  of  the 
glass. 

176.  Analytical  investigation  of  tlie  magnetic  field. — 
Every  experimental  examination  of  a  magnetic  field — 
whether  of  a  steel  bar,  an  iron  ship,  or  the  terrestrial  globe 
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— involves  the  employment  of  instruments  whose  chief  part 
is  a  magnetic  needle:  this,  too,  has  a  field  of  its  own,  so  that 
the  procedure  reduces  to  the  action  of  one  magnetic  field 
upon  another,  and  this  action  is  the  object  of  the  inailiemat- 
ical  inquiry. 

The  intensity  of  any  point  of  a  simple  field  due  to  one 
magnet  will  first  he  investigated;  and  then  the  complex  field 
of  two  magnets  and  the  luirth.  with  the  magnets  in  both  the 
broadside  and  the  eiul-oti  j)ositioii. 

In  Fig.  269,  let  P  be  any  point  in  the  tield  of  the  steel 
magnet  NS\  the  magnetic  intensity  along  a  line  of  force  be* 
ing  a  stress  in  the  ether,  similar  to  the  tension  of  a  rubber 
band,  its  direction  and  amount  may  be  represented  by  PR, 
from  the  positive  toward  the  negative  pole — the  line  a  small 
needle  would  take  at  P  if  free  to  move  horizontally;  its  com~ 
ponents  in  the  direction  of  the  poles  are  PuC  and  Ps\ 

Y 


X 


Fio.  ^69.  Fio.  97a 

The  center  of  the  magtiet  being  the  origin  of  coordinates^ 
those  of  P  are  OA  =  x  and  AP  =y. 

If  2I  be  the  exact  length  of  the  magnet,  m  the  total  inten- 
sity of  each  half,  and  M  the  magnetic  moment  of  the  bar,  then 

if  =  2m. L  .   (I) 
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It  will  be  shown  that  M  can  be  determined  in  dynes,  whence 

M 

2r  

that  is,  we  can  ascertain  the  strengfth  of  each  pole  in  clvnes. 

As  the  stren^^ih  of  |x)le  varies  inversely  as  the  square  of 
the  distance  from  it,  we  have  for  the  intensity  of  each  pole 
ati^, 

m 

 (3) 

and 

^-  (4> 

By  Fig.  269, 

=  J5>» -f  i5» ;  (5> 


^  AP^  +  AN^\   (6) 

^?  =  ^;   (/) 

AS^ix^l);   (8) 

and 

AN  ^     —  0   (9) 


By  projecting  the  components  Ps*  and  Pn*  on  a  parallel 
*and  a  perpendicular  to  the  magnet,  as  in  Fig.  270,  we  form 
the  triangles  bPs'  and  r/V,  similar  to  APS  and  APN,  Fig. 
269,  resi)ectively,  since  the  corresjiondin^  sides  are  parallel; 
tlie  an^rlcs  of  both  sets  of  triangles  are  therefore  equal  and 
their  trigonometrical  functions  the  same. 

To  resolve  a  force,  is  to  multiply  it  by  the  cosine  of  the 
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angle  between  its  old  and  new  directions;  hence  we  have  the 
following  direction-cosines: 

AS  ^  I) 

cos  ASP  =  —        &  —  ^ — ^— .    .  (lo) 

cos        =  —       =  —  ^;     .    .    .    .  (ii) 

Jjjr      /-  /\ 
cos  ANP=  ....  (12) 

AP  y 

cos  APN=: —  =   (13) 

and,  therefore,  multiplying  (3)  and  (4)  by  these  cosines,  we 
have  the  resolved  components: 

w  —  —  -       —   ^,  ;  .    .    .    .  (14} 

m.x     m.l  .  , 

^«  =  ^    -   (15) 


Pb^-^J-^  (16) 


and 


Pc=-/-  (17) 

The  sum  of  (14)  and  (15)  gives  the  wliole  force  in  the  axis 
of  X,  and  of  (16)  and  (17)  that  in  7;  that  is, 

X^Rk^'~m.x{j^-^  ^^^m.l{~  +  -^)'.  (18) 
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y-^--^'y{^-^\  09> 

R^^ Rk^^-PK^^PR^'^X^-\-Y\  .    .    .  (20) 

Let  RPK  =  the  angle  the  resultant  makes  with  the 
axis  of  Y;  then 

Equations  (18)  to  (21)  ilcUiiiniie  completely,  for  any  point 
of  the  field,  the  components  of  the  intensity  parallel  and  per- 
pendicular to  the  magnet,  and  their  resultant  value  and  its 
direction. 

li  d  =  r,  or  the  point  /'  is  on  the  axis  of  Fig.  271,  we 
have  from  (19)  and  (21),  Y  —  o,  tan  ^  =  ».  hence  —  90°; 
and  from  (18), 

2m.  I  _     M  . 
^  — —  *~  JnI*  ,  •    "    *  ' 

which  alone  is  the  intensity  of  the  field;  by  means  of  (5)»  {j\ 
and  (8),  this  becomes 

M  M 

since  .r  =  o,  P  l)eing  on  the  axis  of  Y. 

If  the  i)oint  P  is  on  the  axis  of  A',  then  3'  —  o,  and  equa- 
tions (19)  and  (21)  become  Y  —  o,  tan  6^  =  »  6/  =  go*'; 
and  we  have  as  before,  equation  (18)  for  the  sole  value  of  the 
intensity;  in  this  case,  Fig.  272, 

^  =  l»'  +  0.   (24) 

and 

e^{x-Oi  (25) 
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d  and  e  being  as  before  the  distances  from  the  ends  of  the 
magnet  NS  to  the  point  P. 

Then  writing  (i8)  in  another  iorm,  and  substituting  the 
values  of  (24)  and  (25),  we  have: 


or 


~r  r. 


m .  / 


(.1-4-// ^(^-//    {x-\-/y  {x~if 


—  {x  +  if    \x  -  /)• '  ^*^> 


m  m 


_  (       I  1       ) _  2Mx 


If  the  point  P,  while  on  either  axis,  be  very  distant,  that 

is,  if  V  in  Fig.  271  or  jr  in  Fig.  272  be  so  great  that  /  may  be 
omitted  beside  it,  then  (23)  and  (27)  reduce  to: 

X=~y.  (2«> 

and 

X  =   (29) 

from  which  it  is  seen  that  the  end-on  position  is  twice  as  pow- 
erful as  the  broadside,  P  being  equally  distant  in  both  cases 

from  the  ccnlcr  of  the  magnet. 

Now,  let  a  short  needle  l)c  placed  in  tlie  axes  of  .Y  and  F, 
Fi^s.  272  and  271 :  at  P,  it  is  outside  the  magnet's  controlling 
field;  on  entering  within  the  intluence  of  this,  it  will  be  de- 
tiected  until  it  becomes  parallel  to  the  magnet  at  F4.  Let  2/' 
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be  the  length  of  the  short  needle  and  ni  the  magnetic  Inten- 
sity of  each  half;  then  its  magnetic  moment  is 

M'z^2m\l'  (30) 

The  effort  of  the  mag^net  NS  is  merely  directive — parallel  to 
the  axis  of  Aj  it  ma}^be  represented  by  two  equal  and  oppo- 
site forces  n  A  aiul  s'B  as  in  position  F3  of  the  needle,  and  its 
value  is  given  by  (23)  and  (27):  the  torque,  or  tendency  to  turn 
the  needle,  is  obtained  by  multiplying  together  the  intensity 
m',  the  force  n'A,  or  s'B,  and  the  perpendicnlar  distance  be- 
tween these;  that  is, 

m'.f^.£F,   (31) 

for  Fig.  271,  and 

ff/.i^(n'F+£y),     ....  (32) 
for  Fig.  272.   In  the  former  we  have 

cos  0  =         .-.  2l\F=  £F=  2P}t\  cos  e  =  2r  cos  e,  (33)1 

whence,  substituting  in  (31)  the  value  of  n'A  given  by  (23) 
and  that  of  EF  from  (33),  we  have  for  the  torque  of  the  mag- 
net NS  upon  the  needle  fiY, 

2m\  I'.  J/.  cos_^  _  M'.  M.  cos  e 

for  the  broadside  position,  and  similarly  from  (27)  and  (32), 

ixM'M  cos-  e 


for  the  end-on  position. 


(3S) 
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Finally,  introduce  the  effect  of  the  terrestrial  field.  Its 
directive  power  in  both  cases  is  at  right  angles  to  the  mag- 
net's length,  and  at  alone  controls  the  needle,  while  at  P4 
the  magnet  alone  controls:  between  these  points  the  needle 
is  variously  deflected — ^balanced  between  two  couples. 

Figs.  273  and  274  are  enlarged  views  of  the  contending 
fields  at  Fs — ^represented  by  parallel  lines  to  denote  their  uni- 
formity, as  each  would  be  in  a  very  small  area,  if  the  other 
were  not  injected  into  it.  The  effort  of  the  Earth  upon  the 
neetUc  is  directive,  and  may  be  represented  by  two  cquat  and 
opposite  forces.  n'D  and  s'C — each  denoted  by  H  at  the  point 
P3:  the  tor(iue  here,  as  witli  tlie  magnet,  will  be  given  by  the 
product  of  the  intensities  of  tlie  forces  and  the  perpendicular 
distance  between  them;  that  is, 

for  Fig.  273 ;  and 

#«'.  n'D  .  £/s  (37) 

for  Fig.  274.    In  the  first,  . 

sin  B  =  sin  i^PJP  =  4^,  .    ,    ,    ,  (38) 

but 

iF^Q  (39) 

and 

^'=^  (40) 

whence 

(/r>4-  Es)  =  2ffF  =  2P^'  sin  ff  =  2V  sin  6*.    .  (41) 
Substituting  in  (36)  the  value  of  fTo^^H,  and  that  of 
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(41),  we  have  for  the  torque  of  the  Earth  upon  the  needle  n's' 
in  both  Figs.  273  and  274, 

2m' .  I' .  H .  sin       or    M' , /f ,  sin  8.    .    .  (42) 

Thus,  for  every  point  of  both  l)roadside  and  end-on  position 
at  which  the  needle  n's'  is  detlected.  we  have  two  opposing 
couples  in  equiHbrium.  one  due  to  the  Eartli  and  tlic  otlier 
to  the  magnet  N^;  hence  from  (34),  (35),  and  (42),  we  have: 

^  ^  /,^|  =  -*r'/f  sin  ^,  pr  ^  =  (/  +      tan  (43) 

in  broadside; 

zxAfM cos  a  .   ^        M  ^     .  . 

-jj^  py-  =         Sin  0,  or  •  ^  ^* 

end-on  position.  If  the  distance  of  P  he  ^reat  enough,  that  is, 
if  X  or  V  be  so  larg^e  as  to  warrant  omitting  /  beside  it,  then 
(43)  and  (44)  reduce  to: 

=  y  tan  ^  (45) 


and 


and  from  these 


-^  =  i;r«tan^  (46) 

M  =  H  .y,t^n  6,     .    ,    ,    ,  (47) 


for  broadside  position; 

M  =  j[H,A^,Une,  .    .    .    .  (48) 

for  end-on  position. 

While  the  moment  ilf '  of  the  short  needle  nV  enters  into 
the  torque  of  the  magnet  NS  in  the  broadside  and  end-on  po- 
sitions and  into  that  of  the  Earth,  it  disappears  when  these 


Digitized  by  Google 


THE  MAGNETIC  FIELD* 


425 


quantities  are  equated,  as  in  (43)  and  (44):  this  means  that 
the  strength  of  the  short  needle  has  no  influence  on  the  re- 
sult— ^that  the  angle  of  deflection  indicating  equilibrium  of 
two  magnetic  fields  or  couples  will  be  the  same,  whatever  the 
kind  of  needle  used. 

An  equation  could  easily  be  formed  to  give  M .H  to  the 

M 

degree  of  accuracy  that is  given  by  (43)  and  (44),  and  then 

«ach  quantity  could  be  obtained  separately;  but  the  solution 
of  the  equation  would  require  an  oscillation  experiment  with 

the  magnet  a\S,  and  this  is  inconvenient  to  perform.  In 
Chapter  V'lII,  I  an  First,  the  rigoroLT:^  nicthotl  of  determin- 
ing^ and  Af .  H  is  given,  so  that  another  here  is  of  no  prac- 
tical use.  Besides.  H  has  been  accurately  determined  for  a 
large  number  of  places  all  over  tlie  globe,  and  the  number  is 
daily  increasing  and  the  values  are  constantly  being  corrected 
by  observation:  comj  l  tc  information  on  this  point  is  readily 
obtainable  from  the  L.  S.  Coast  Survey  in  Washington,  so 
that  for  whatever  case  the  foregoing  formulrc  may  be  used, 
the  value  of  H  can  be  taken  from  the  tabulated  list  with  more 
accuracy  than  it  could  be  determined  by  oscillating  the  mag- 
net  NS. 

But  to  use  such  values  of  //,  it  should  be  remembered  that 
the  deflection  experiment  must  be  made  in  the  natural  mag- 
netic field  of  the  Earth  at  the  particular  place,  and  not  in  some 
abnormal  field  created  by  temporary  or  permanent  masses  of 
iron. 

These  remarks  have  especially  in  view  the  use  of  (44)  or 

(48)  for  determining  in  absolute  measure  the  intensity  of 
magnets  intended  for  compass-needles:  H  is  given  in  dynes, 
and  if  the  length  of  the  magnet,  as  well  as  the  distance  of  its 
center  from  the  center  of  the  deflected  needle,  be  measured 
in  centimetres,  then  the  value  of  M  will  be  in  dynes,  whatever 
the  distribution  of  magnetism  in  the  bar;  and  from  (2)  we 
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have  m  —       that  is,  we  ascertain  the  resultant  magnetic 

eftort  oi  each  half,  or  jujIc  intensity,  of  the  magnet,  in  dynes. 

The  formulae  (44)  and  (48)  are  alone  mentioned,  because 
the  end-on  position  is  both  the  most  easily  used  and  the  most 
powerful:  and  it  is  evident  from  Fig.  272  that  a  very  short 
Ticcille,  n's — not  more  tlmn  an  inch  long — will  be  best,  because 
o£  its  small  compact  held  being  mostly  in  the  direction  of  ef- 
fort of  the  magnet  NS*  While  the  needle  »V  should  have  suf- 
ficient strength  to  ensure  its  full  and  free  movement  against 
friction  of  its  cap  and  pivot,  still  it  should  not  be  so  great  as 
to  change  the  magnetism  of  NS  or  have  any  effect* upon  it; 
and  to  conduce  to  this  end,  as  well  as  to  get  a  more-in-line 
action  of  NS  upon  »V,  it  is  much  better  to  have  small  deflec- 
tions,  with,  ATS  well  removed,  than  large  ones  near-to. 

The  Earth's  intensity  is  a  constant  for  a  certain  time  and 
place,  and  as  it  enters  alike  inlo  the  dciei  iiiiiiaii()ii>  nf  all 
needles  tested  together  at  that  place,  their  trUiln'c  \a!ue.s 
amoiin  themselves  may  be  obtained  wiihuui  any  knowledge 
whate\  er  of  H,  or  whether  the  field  be  that  of  the  Earth  alone, 
or  of  sotne  adventit imis  mass  of  iron  in  tlie  vicinity  provided 
the  roTvli' i' «ns  reni-n-i  '.mchanged  duriiiL'  the  test. 

177.  A  wire  carrying  a  current  is  the  axis  of  a  magnetic 
whirl. — Every  wire  carrying  a  current  is  encased  by  a  stressed 
condition  of  the  ether,  the  wood  of  a  tree  is  by  its  bark. 
The  stress  arises  with  the  current  and  vanishes  when  that 
ceases:  if  the  current  be  weak,  the  envelope  of  stress  is  thin — 
if  strong,  thick,  and  spreads  into  space  with  every  increase  of 
current;  it  is  greatest  near  the  core  and  tapers  oflf  toward  the 
confines  of  the  field.  It  may  be  made  visible  by  iron  filings, 
for  they  will  cling  to  the  wire  in  a  shaggy  sheath  while  ah've, 
but  drop  oflF  when  dead. 

Fig.  275  gives  a  general  view  of  the  field  round  a  wire, 
and  Fig.  276  a  cross-section,  obtained  by  piercing  a  sheet  of 
paper  with  the  wire  and  strewing  iron  filings  upon  it;  they 
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gather  into  concentric  rings — lines  of  force.  Consider  a 
group  of  such  rings — Fig.  277:  if  the  current  flow  down  as 
at  there  will  be  apparent  motion  in  each  ring  in  the  direc- 
tion of  the  arrow  at  m;  if  the  current  flow  up,  the  direction 
at  m  will  be  reversed:  in  both  cases,  if  a  north  or  south  pole 


could  exist  alone,  it  would  seem  that  it  should  be  carried 
round  and  round  the  wire  in  a  closed  curve,  hut  as  the  poles 
catniot  be  separated  in  any  mas^nctic  body,  one  is  in-i^ed  for- 
wanl,  the  otlicr  l)ack\v[ir(l,  and  thus  only  a  (lirectiw  j)ower  is 
exercised  on  the  needle — it  takes  tlic  line  of  a  tangent  to  the 
curve,  its  north  pole  pointinjjj  in  the  directjon  the  hands  of  a 
clock  move,  if  the  current  be  down;  but  in  the  contrary  direc- 
tion, if  it  be  up. 

Every  ductuation,  or  break,  in  ilic  current  causes  a 

change  in  the  lines  of  force  Fig,  277.  It  has  been  shown 
elsewhere  in  this  !)ook  that  the  primary  condition  of  a  current 
is  a  series  of  minute  pulses;  from  these  arise  in  the  ether  a 
succession  of  ripples  that  travel  outward  from  the  conductor: 
the  more  frequent  the  pulse,  the  more  nearly  uniform  the 
current,  and  the  closer  the  ripples,  thus  forming  an  almost 
even  field;  but  when  a  rapid  break-circuit  is  introduced,  the 
successive  interruptions  of  the  current  give  rise  to  waves  in 


Fio.  a7$. 


Fio.  376. 
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the  ether,  as  in  Fig".  278.  This  expanding  movement — ripple 
or  wave — at  right  angles  to  the  wire  is  the  magnetic  con- 
stituent of  the  field,  the  motion  of  the  ether  that  makes  wire- 
less telegraphy  possible. 


Fig.  a77.  Fig.  ayS.  Fig.  279. 


But  there  is  also  an  electric  constituent,  for  tlic  tield  is 
electromagnetic.  The  discharge  of  a  gun  of  a  shij/s  hattery 
sometimes  sends  a  ring  of  smoke  througli  the  air;  and  a  putT 
froni  a  cigar  will  do  the  satne:  these  are  vortex  rings — Fig. 
279 — and  of  such  the  field  around  a  live  -wire  may  be  con- 
ceived to  l)c  made  up. 

Each  line  of  force  /,  Fig.  277,  is  the  core  of  a  whirl  r,  just 
as  a  circle  of  wire  may  be  the  axis  of  a  stringy  of  beads,  all  ro> 
tating  upon  it. 

*'  It  is  conceded  that  in  e\  cry  electromagnetic  field  the 
ether  is  in  a  rotary  motion  both  about  a  magnet  and  a  wire 
carrying  a  current.  The  rotation  of  an  electric  arc  in  a  mag- 
netic field  shows  it,  and  the  twist  given  to  a  polarized  ray  of 
light  passing  through  it  also  shows  it.  The  twist  given  to  a 
conductor  through  which  a  current  is  flowing  also  gives  di- 
rect evidence  of  the  same  condition.**  (Prof.  Dolbear.) 

Now  consider  the  effect  of  rotation  upon  a  quantity  of 
water:  in  Fi^.  280  a  vertical  section  of  a  little  vessel  is  rep- 
resented; the  to|>  and  bottom  arc  of  thin  wood  and  the  sides 
of  elastic  rubber;  it  is  filled  with  water  and  connected  by  a 
band  with  a  wheel  f«>r  whirling  it. 

When  set  in  rapid  motion,  it  flattens  as  in  Fig.  281,  creat- 
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mg  a  tension  in  the  direction  of  its  length  as  is  shown  by 
drawing  up  a  weight;  and  if  two  such  vessels  rotate  near  each 


Fig.  280.  Fig.  a8i. 

other,  their  bulged  sides  will  push  each  other  away.  Compare 
a  series  of  these  little  rotating  vessels  with  the  whirls  e  strung 


Fig.  382.  Fig.  283. 


along  the  line  of  force  Fig.  277,  and  it  will  be  seen  how  there 
can  be  tension  along  the  circle  f,  and  repulsion  between  every 
two  such  circles  in  the  same  plane.  The  vortex  ring  as  a 
whole  has  a  ticld  of  inlluencc- — one  face  attractive,  tiie  other 
repellaiit;  and  if  in  a  series  of  them,  the  /(;/like  sides  look  to- 
ward each  other,  as  in  I'^ig.  282,  tlie  individual  efYort  is  aug- 
mented and  transmitted:  hut  when  like  sides  look  at  each 
other,  as  in  Fig.  283.  repidsion  alone  takes  place. 

Now,  conceive  the  tield  of  a  live  wire  made  up  of  myriads 
of  vortex  rings  arising  in  the  quiescent  ether  from  point  to 
point  with  the  velocity  of  light,  through  some  action  of  the 
source  of  electricity;  and  consider  their  dissimilar  sides  all 
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facing  each  other,  as  head  to  tail  in  a  series  of  coins  strung 
along  a  cord  through  their  centers:  then  we  should  have  the 
electric  tension  along  the  axes  of  the  rings  (or  coins)  parallel 
to  the  conducting  wire,  that  is,  the  pull  or  strain  that  gives 
motion  to  the  street-car;  while  spreading  out  into  space  are 
the  undulations,  from  column  to  column  of  the  vortex  rings, 
that  produce  magnetic  effects,  as  in  the  case  of  wireless  te- 
legraphy: both  combined — the  onward  and  outward  move- 
ment, constitute  the  electromagnetic  wave. 

It  is  evident  from  this  conccj>tion  that  the  electric  con- 
stituent is  not  restricicd  to  the  wire,  but  that  tlicrc  is  some 
curreiu  even  to  the  conhnes  of  the  held.  Indeed,  it  is  thought 
tliat  the  greatest  power  of  the  current  is  not  in  the  wne  at  all, 
hut  in  n  thin  skill  of  cilier  around  it,  and  that  the  wire  is  only 
a  tlirccting  conduit  through  the  obstructive,  entangled  air — 
a  kind  of  blazed  route,  as  it  were. 

It  must  be  understood  that  this  whole  fabric  of  vortex 
rings,  atomic  rotation,  ether  waves — even  the  ether  itself  is 
inferential:  that  the  mathematical  analysis  of  motions  in  a 
perfect  liquid  le«id  to  results  that  have  their  counterpart  in 
the  observed  phenomena  of  electrical  and  magnetical  experi- 
ments and  investigations;  and  that,  granted  the  existence  of 
the  ether,  and  that  it  is  incompressible,  devoid  of  viscosity, 
and  made  up  of  particles  of  infinite  minuteness  in  closest 
proximity — in  a  word,  that  it  is  a  perfect  liquid,  then  vortex 
motion  in  it  would  account  for  the  effects  called  electric  and 
magnetic. 

Such  conipari>un  affords  a  mental  picture  of  ol)served 
phenomena,  as  the  old  lluid  theory  of  electricity  did;  but 
while  the  latter  was  little  more  than  a  means  of  supplying- 
analoi^ie'-.  tlie  former  is  a  rational  explanation  that  some  day 
may  l>e  confirmed  as  the  reah'ty. 

And  yel.  it  is  well  to  remember  that  this.  too.  may  collapse 
— like  the  electromagnetic  field  itself  when  the  current  ceases. 
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Section  Three :  Laws  of  Magnetic  Action. 

178.  Attiactioii  and  repulsioiL.— If  two  cylindrical  mag- 
nets  like  lead  pencils,  be  laid  side  by  side  in  one  way»  they 
will  cling  together  with  such  tenacity  that  some  effort  is  re- 
quired to  separate  them;  while  if  one  be  turned  end  for  end 
and  a^ain  be  brought  to  the  other,  they  will  now  push  each 
other  away,  and  roll  apart,  and  cannot  be  made  to  approach 
without  some  effort. 

They  attract  antl  rcj)cl,  and  as  ciilicr  action  depentU  on 
wliicli  ends  are  bmiii^ht  near  each  fjther.  it  is  evident  that 
])oth  ends  of  the  same  magnet  ditt'er  ir.  some  respect:  those 
that  attract  are  said  to  be  ««hke — those  that  repel,  like. 

And  although  the  magnets  be  flat  bars  wliose  form  pre- 
vents actual  motion,  this  reciprocal  effort  toward  such  mo- 
tion is  none  the  less  exerted;  and  it  exists  between  magnets 
of  every  kind,  size,  and  form — ^it  is  the  moment,  the  torque, 
of  one  magnet  upon  another. 

If  the  two  magnets  differ  greatly  in  strength  and  temper, 
the  more  powerful  may  dominate  the  weaker — ^reverse  its 
poles — ^and  thus  always  show  attraction  between  them. 

Between  magnets  of  equal  strength  and  temper,  the  force 
of  attraction  is  greater  than  that  of  repulsion;  because  in  the 
former  the  opposite  conditions  intensify  each  other,  whereas 
in  the  latter,  hke  poles  only  exert  a  benumbing  effect. 

Tliai  the  (liiferent  actions  of  the  two  poles  of  a  ma^nic:  ih:) 
not  necessarily  imjjly  any  radical  ditTerence  in  their  nalure, 
but  may  be  some  peculiarity  of  condition,  is  shown  by  a  vor- 
tex rin.L;".  where  the  particles  of  air  and  smoke  in  their  rotarv 
orbit  rush  in  on  one  side  and  out  on  the  other.  ,i:,n'vin<4  to  each 
side  accordingly  its  attractive  and  repeliant  feature;  or  by  a 
circular  wire  alive  with  current,  which  exhibits  north  polarity 
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on  one  side  and  south  on  the  other — the  exact  analogue  of 

a  vortex  rin^-. 

179.  Induction. — A  magnet  will  excite  a  condition  simi- 
lar to  its  own  in  any  mass  of  iron  or  steel  brought  within  its 
influence — make  of  it  a  magnet  also,  the  near  end  becoming 
unlike,  and  the  remote  end  like,  the  corresponding  poles  of 
the  magnet. 

The  process  is  said  to  be  by  induction  when  the  surfaces 
are  not  in  contact,  though  in  reality  there  is  no  difference  in 
kind  between  the  magnetization  by  the  weak  field  near  its 
boundary  and  that  by  actual  contact  of  magnet  and  iron;  the 
degree,  of  course,  depends  upon  the  intensity  of  the  inducing 
field,  but  it  is  the  Held  in  all  cases  that  produces  the  effect: 
this  fades  as  the  iron  recedes  from  the  magnet  and  finally 
vanishes  on  passing  out  of  the  field.  On  the  other  hand, 
while  under  the  spell,  the  iron  strengthens  the  magnet,  and, 
in  fact,  there  is  a  muuiai  intensify  ins^  action,  which,  however, 
soon  reaches  a  limit.  It  is  the  Eartli  s  field  that  makes  amiore 
or  less  permanent  magnet  of  every  iron  or  steel  ship,  as  well 
as  of  every  other  mass  of  either  niet;il  on  its  snrface. 

The  character  of  the  material  tieterniines  both  ?1ie  amount 
and  retentiveness  of  the  induced  condition:  a  tube  of  pure 
wrought  iron  which  has  been  heated  to  redness  and  allowed 
to  cool  slowly,  will  be  invested  with  a  degree  of  magnetism 
scarcely  less  than  the  intensity  of  the  inducing  field,  but  it  is 
as  evanescent  as  a  shadow;  however  rapidly  the  tube  be  re- 
versed while  held  in  a  vertical  position,  the  peculiarity  of  pole 
will  flit  from  end  to  end  with  each  reversal,  and  the  lower  will 
always  be  of  opposite  kind  to  the  Earth*s  field,  the  upper  of 
the  same  kind;  a  hard  steel  bar,  on  the  contrary,  is  but  little 
impressed  by  a  mild  field,  but  that  little  it  retains;  and  be- 
tween these  extremes  there  are  all  degrees  of  iron  and  steel 
with  var>'ing  receptivity  or  permeability. 

The  inducing  effect  is  in  no  wise  hindered  by  the  inter- 
position of  non-magnetic  Mib.->taiices:  through  wood,  paper. 
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ivory,  copper,  glass,  and  lead;  across  water,  llamc,  or 
vacuum — the  magnet  will  exert  its  inthiciicc:  hvit  iron  slops 
it.  and  vvitliin  a  shell  or  <>llicr  bounding;  wall  of  this  material, 
a  compass-needle  would  experience  little  more  directive  force 
from  the  Earth  or  an  exterior  steel  magnet  than  a  rod  o£ 
brass  would. 

The  effect  of  interposition  is  only  to  remove  the  iron  or 
steel  into  a  less  intense  part  of  the  held,  where  the  latter,  as 
in  the  case  of  a  bar-magnet,  varies  rapidly  for  short  distances. 

x8o.  Magnetic  force  varies  invenely  as  the  aqvaie  of 
the  distance. — ^The  law  of  inverse  squares  is  general 
throughout  nature:  it  expresses  the  rate  of  variation  of  many 
phenomena — ^the  gravitation  of  matter,  the  warmth  of  heat, 
the  brightness  of  light,  the  power  of  electricity,  the  intensity 
of  magnetism. 

A  familiar  illustration  of  force  is  a  push  or  a  pull,  and  mag- 
netic force  exerts  precisely  this  eflfort,  as  when  two  small 

tubular  ma^niets,  laid  side  by  side,  will  roll  apart  or  draw  to- 
gether according  to  the  ends  in  juxtaposition. 

The  varying  strength  of  the  field  around  a  magnet  may 
be  likeni'd  to  the  force  of  a  mountain  stream — great  near  the 
source;  moderate  with  less  grade  and  wider  be<l:  and  weak 
wlien  spread  out  into  a  tiun  sheet  over  level  q^round:  the  rate 
at  which  magnetic  intensity  varies  with  the  distance  from  its 
focus  w  ill  now  be  treated. 

Whatever  uncertainty  exists  about  the  nature  of  magnet- 
ism, tliere  is  none  about  the  pus!)  or  pull  it  exerts  between 
bodies  endowed  with  it.  Consider,  then,  two  bodies  that  will 
do  this.  Such  are  two  vortex  rings,  Fig.  279,  but  they  are 
unmanageable;  such  also  are  two  currents  of  electricity  in 
circular  conduits,  which  may  be  manipulated  at  will,  and  are 
the  exact  analogue  of  vortex  rings:  both  ring  and  circuit  act 
like  magnets^-exert  a  push  or  a  pull  according  to  the  sides 
facing  each  other.  In  the  ring,  we  can  see  the  particles  of 
smoke  rush  inward  on  one  side  and  outward  on  the  other,  so 
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that  the  (hlTerence  in  behavior  of  the  two  sides  must  be  due 
to  difference  of  movement  merely — two  aspects  of  the  same 
thing;  in  the  electric  circuit,  we  cannot  see  any  particles 
move,  but  that  there  is  a  difference  between  its  two  sides — 
two  aspects  of  the  same  thing — is  undoubted;  one  face  will 
attract  the  north  pole  of  a  magnet  and  repel  its  south  pole, 
and  the  other  face  will  do  the  converse  of  this. 

Vortex  rings  can  be  visibly  formed  in  a  material  fluid — 
air  and  smoke  mixed — and,  as  already  stated,  the  mathemat- 
ical results  obtained  from  analysis  of  vortex  motion  in  a  per- 
fect Buid  have  exact  analogies  in  the  electromagnetic  theory. 

Before  proceeding  further  with  the  main  subject,  it  is  nec- 
essary to  define  the  unit  of  measure  of  magnetic  intensity — 
the  dyne. 

It  is  proved  mathematically  that  the  force  of  attraction  of 
the  i  ,arili^ — *;ra\  ity-  -acts  upon  matter  on  its  surface  as  if  the 
bulk  of  the  Earth  were  concentrated  at  its  center;  as  the 
e(juatorial  radius  is  greater  than  the  polar,  this  diflference  in 
the  distance  of  objects  on  the  surface  from  the  center  of  at- 
traction causes  a  slight  difference  in  the  force  of  gravity  from 
equator  to  pole. 


The  weight  of  a  body  is  the  product  of  its  mass  by  the 
force  of  gravity:  the  mass  is  everywhere  a  constant  but  hazy 

factor,  while  gravity  varies  slightly  from  place  to  place,  but 

is  always  accurately  known.  This  being  understood,  the 
weight  of  a  body  will  be  spoken  of  as  representing  it. 


Flc.  284. 
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A  gramme  is  the  vvcii^lu  of  a  cubic  cenlinictre  of  distilled 
■«vater  at  4°  C.  Let  G,  m  Fig.  284.  rci>rcscnt  a  cube  of  one 
j^amme  of  copper:  a  human  force  H  may  push  it,  or  a  weight 
]V — that  is,  in  reality,  the  force  of  gravity  acting  on  the  mass 
oi  W — ^may  ptiU  it,  and  either  force  may  be  of  degree  to  pro- 
duce slow  or  rapid  motion. 

Let  the  force  be  exactly  such  that,  acting  on  the  cube  C  of 
one  gramme,  it  will  move  it  uniformly  over  a  distance  of  one 
■centimetre  in  one  second:  then  this  force  has  the  value  of  one 
dyne.  The  cube  G  is  supposed  to  move  without  friction,  on 
the  table. 

If  the  motion  is  not  uniform,  but  steadily  increasing,  the 
rate  of  increase  per  second  is  a  measure  of  <he  force:  under 
the  force  of  gra\  ity  a  fallim^'hov'.y  steadily  iiicrcascs  its  veloc- 
ity:  at  Xcw  ^'(^rk.  7'acuo,  the  rate  of  this  increase  is  «j8o 
cenlinictres  [>er  second,  or.  tiie  value  i»f  die  force  of  gravity  at 
New  York,  per  L;ramnie  of  matter,  is  980  dynes — that  is.  to 
keep  one  grarunic  in  niid-air  would  require  an  upward  pull 
or  pvish  l)y  a  force  of  the  value  of  980  dynes:  hence  one  dyne 
is  equal  to-^^^th  of  the  force  of  gravity  at  New  York,  and  as 
the  force  of  gravity  can  be  accurately  determined,  the  exact 
value  of  the  dyne  becomes  known — it  is  a  determinate  frac- 
tion of  the  force  of  gravity  at  any  place. 

The  Earth  s  horizontal  magnetic  intensity  at  New  York 
has  the  value  of  0.189  ^y^^'  hence,  if  one  pole  of  a  magnet 
could  be  separated  from  the  other,  and  each  weighed  one 
gramme,  such  xx>le  would  be  attracted  along  the  magnetic 
meridian  toward  the  Earth's  magnetic  focus  with  a  velocity 
steadily  increasing  at  the  rate  of  0.189  centimetre  per  second, 
just  as  a  falling  body  of  one  gramme  would  increase  its  veloc- 
ity by  <>So  centimetres  in  one  second;  both  these  velocities — 
980  cetuinielres  and  0.189  ccnLinielrc — -are,  therefore,  the 
measure  of  the  forces  that  give  rise  to  them — Gravity  and 
Magnetism.    Xow  to  return  10  the  main  vsui)jeci. 

Fig.  285  represents  a  circular  wire  in  which  there  is  a  cur- 
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rent  as  indicated:  if  a  magnet  l)e  !)roiii;lit  toward  each  tace^ 
north  pole  nearest  the  ring,  attractiou  will  occur  between 
pole  and.  face  on  the  left,  and  repulsion  on  the  right;  if  the 
current  be  reversed,  the  converse  t>f  this  will  take  place,  as 
shown  in  Fig.  286 — thus  proving  the  duahty  of  condition  on 
each  side  of  the  circle. 

Fig.  s8s.  FiOk  987. 


Two  such  circles  will  push  cacli  other  away  or  draw  to- 
gether according  to  the  sides  facing  each  other,  and  the  de- 
gree of  either  effort  will  be  .^reat  or  small  with  the  varying 
strength  of  the  current.  In  fact,  a  circle  carrying  a  current, 
or  any  electric  circuit,  produces  a  magnetic  field  around  it 
whose  intensity  is  a  measure  of  the  current — a  field  whose 
exact  equivalent  may  be  produced  by  a  steel  magnet. 

Consider  in  Fig.  287  that  C  is  a  ring  one  centimetre  in  di- 
ameter, supplied  by  current  from  the  battery  B  at  som«  dis- 
tance, whose  conducting  wires  are  insulated  and  twisted 
together  so  as  to  neutralize  each  other's  field  and  leave  only 
that  of  the  ring  to  act;  this  ring  may  be  slid  along  a  rod  pro- 
jecting from  a  pillar;  at  0  is  a  small  horizontal  needle  subject 
to  deflection  from  the  meridian  by  the  field  due  to  the  ring  C. 
Comparing  the  deflections  at  C,  C\  t  ",  etc.,  it  is  found  that 
the  force  varies  almost  cx.ii  ily  a>  tlu'  inverse  cubes  of  the 
di.stances  ro.  r'o,  r"o,  etc.:  now  this  is  ])reci-^ely  the  law*  of 
variation  found  for  a  magnet  in  the  broadside  position,  Fig. 
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2yi  and  equation  (28).  Indeed  if  a  magnet  be  provided  of 
such  moment  as  to  balance  exalctly  the  needle  NS  against  the 
field  of  the  ring  in  one  position,  it  will  maintain  the  equilib- 
rium in  all  corresponding  movements  of  ring  and  magnet, 
thus  proving  their  complete  equivalence.  The  force  of  the 
field  due  alike  to  current  and  magnet  is  measured  in  dynes. 

Now  conceive  two  circles  to  shrink  to  molecular  size  and 
carry  currents  of  such  strength  that  the  field  of  each  aecerts 
upon  the  other  the  force  of  one  dyne  at  the  distance  of  one 
ceiuimetre:  then  these  circles  represent  unit  magnet  poles,  for 
they  are  equal  to  them;  and  of  such  ui. it-circuits  a  magnet  of 
any  size  may  be  built  up.    Let  one  of  the  unit-circles  be 

N  0         0  % 

Fig.  288. 

placed  at  each  end  of  a  glass  filament  one  centimetre  long, 
the  north  face  of  one  and  the  south  face  of  the  other  outward, 
as  in  Fi'^.  288.  and  this  system  represents  a  magnet  of  unit 
magnetic  moment. 

If  two  unit-circuits  be  placed  near  together  in  the  same 
vertical  plane  with  similar  faces  looking  the  same  way,  they 
will  exert  an  effort  twice  as  great  as  one  circle  would;  three 
will  exert  three  times  the  cfff>rt ;  and  any  number  of  circles, 

will  exert  m  times  the  effort,  which  will  be  plus  or  minus 
according  to  the  faces  considered:  similarly,  any  other  mul- 
tiple, m\  of  unit-circles  will  do  the  same,  so  that  we  have  for 
the  united  effort  of  each  group,  ±  m  and  ±  111';  now  when 
these  two  groups  are  brought  within  each  other's  influence, 
every  unit  of  the  one  will  exert  its  effort  on  every  unit  of  the 
other,  which  is  equivalent  to  saying  that  the  combined  effort 
of  both  groups  is  equal  to  their  product,  -\-mm'  or  — mm', 
accoffiing;  to  the  side  considered,  the  plus  siqn  indicating 
that  like  faces  are  in  juxtaposition  and  |)rnduce  repulsion, 
while  the  minus  sign  indicates  that  unlike  faces  are  so  placed 
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and  produce  attraction.  This  agrees  with  tlie  alg^ebraic  con- 
vention that  like  signs  produce  plus  and  unlike  minus. 

But  the  maj^netic  force  between  two  bodies — whether 
they  be  congeries  of  unit  electric  circuits  or  of  molecular  sleel 
magnets — is  modified  by  the  medium  surroundint;  them.  If 
this  be  air,  it  may  be  considered  unity,  for  any  alteration  of  its 
magnetic  properties  with  ordinary  pressure  and  temperature 
is  imperceptible;  but  if  it  be  anything  else,  the  force  will  vary,, 
and  the  variation  is  represented  by  :  this  is  called  the  mag- 
netic permeability  of  the  medium,  and  depends  on  some  un- 
known physical  property;  hence  n  cannot  be  determined  ab- 
solutely for  any  medium,  but  only  its  ratio  for  different  me- 
diums. If  the  bodies  m  and  be  immersed  in  a  strong  solu- 
tion of  iron,  for  instance,  the  force  between  them  will  be  less* 
than  in  air.  If  is  large,  the  force  is  small,  for  the  medium 
absorbs,  as  it  were,  the  field  of  each  body  to  some  extent. 

Reg^arding-  the  law  of  inverse  squares  proved,  as  it  will  be 
presently,  we  can  now  express  the  value  of  the  force  /•  be- 
tween two  magnetic  Ix^dio  of  any  size,  in  any  medium,  and 
at  any  distance,  by  the  equation 

„  mifi'  ,  , 

 (49> 

the  upper  sign  denoting  mutual  repulsion  and  the  lower  mu- 
ttial  attraction.  Their  fields  are  inextricably  mingled:  if  the 
bodies  be  moved  closer  together  or  further  apart,  this  will 
change  the  intensity  of  their  joint  held.  Two  such  mutually 
dependent  quantities  are  said  to  vary  directly  when  both  in- 
crease or  decrease  together,  but  inversely  when  one  ifixreases 
while  the  other  <»creases,  and  this  is  the  case  with  magnetic 
intensity  and  distance. 

Consider  distances  of  i,  2,  and  3  inches  from  a  focus  of 
magnetism:  if  the  intensity  be  unity  at  one  inch  and  it  varies 
inversely  as  the  distance  simply,  it  will  have  the  value  i  at 
one  inch,  \  at  two  inches,  and  \  at  three  inches;  if  it  varies 
inversely  as  the  square  of  the  distance,  that  is,  i*  =  i,  2-  =  4, 
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3-  =  9,  it  will  have  the  vahie  i  at  one  inch.  ]  at  two  inches,  \ 
at  three  inches;  if  it  varies  inversely  as  the  cube  of  the  dis- 
tance, that  is,  =  I,  2^  =  8,  3^  =  27,  it  will  have  the  value  1 
at  one  inch,  \  at  two  inches,  ^  at  three  inches;  and  it  is  evi- 
dent that  it  may  vary  according  to  any  other  power,  either 
whole  or  fractional,  of  the  distance:  the  experimental  means 
of  determining  the  exact  ratio  will  now  be  described. 

The  law  presu^^ses  interaction  between  very  small 


bodies — even  points,  and  is  not  at  all  true  for  extended  sur- 
faces like  the  polar  areas  of  ku\u:e  magnets;  furthermore,  the 
near  poles  of  both  magnets  are  alone  considered,  whereas  the 
remote  ones  cannot  be  ignored,  for  they  do  modify  the  effect, 
lessening  it. 

There  are  four  principal  methods  of  determining  the  law 
of  magnetic  force:  ist,  by  oscillations  of  a  small  needle,  for 
they  will  be  fewer  and  fewer  as  the  force  is  less;  2d,  a  variable 


N 


Fig.  S89. 
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magnetic  force  may  be  balanced  against  the  constant  one  of 
gravity  at  a  place,  by  means  of  tlie  bifilar  snspension  of  a 
magnet;  3d,  a  small  needle  may  be  variously  deflected  by  the 
receding  pole  of  a  long  magnet;  and  4th,  magnetism  may  be 
balanced  against  torsion.  Only  the  3d  and  4th  will  be  de- 
scribed— ^the  3d  briefly,  as  it  is  mostly  illustrative,  and  the  4th 
fully,  since  upon  it  rests  the  principal  proof  of  the  law  of  in- 
verse squares. 

Fig.  289  represents  the  3d  method:  a  long  slender  magnet 


Fig.  290. 


is  placed  so  that  its  upper  pole  is  always  vertical  above  the 
center  of  the  compass  and  therefore  affects  it  but  little,  while 
the  lower  jiole  i)r(>duccs  deflection,  thus  almost  practically 
rcalizinj^  the  action  of  a  single  j^ole.  The  magnet  is  moved 
successively  to  positions  1 — 2 — 3,  causing  a  diminishing  de- 
viation of  the  small  needle  C — an  inverse  variati(^n  of  the 
force,  since  it  f/t^creases  as  the  distance  increases:  the  tangents 
of  these  several  angles  of  deviation,  in  this  balance  of  the 
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variable  field  of  the  pole  S  against  the  constant  field  of  the 
Earth,  are  so  many  indices  of  the  rate  of  change  in  the  field 
of  S  as  it  recedes  from  the  compass;  and  the  rate  is  found  to 
be  inversely  as  the  square  of  the  distance. 

The  4th  method  requires  the  use  of  the  Torsion  Balance, 
<levised  by  Coulomb  and  employed  in  the  following  experi- 
ments by  him  to  determine  the  law  of  magnetic  force. 

The  instrument.  Fig.  290,  consists  of  a  cylindrical  glass 
vessel,  surmounted  by  a  glass  tube;  on  top  of  this  is  a  microm- 
eter consisting  of  a  cap  fixed  to  the  tube  and  a  disc  mov- 
able in  azimuth:  the  former  has  a  circle  divided  into  360°  and 
the  latter  an  index  to  point  the  angle  of  rotation;  from  the 
screw  B  is  pcndain  a  fine  silver  wire  liavin^  a  stirruf)  to  hokl 
a  magnet  NS,  anil  through  a  hole  in  the  cover  another  mag- 
net X'S'  may  be  introduced;  a  graduated  circle  CC  is  graven 
upon  the  vessel. 

Tlie  force  of  torsiuu  will  he  described  in  Part  Sixth:  Intt 
it  may  be  said  here,  tliat  if  a  cube  of  lead  be  hniiiL:;  from  the 
lower  end  of  a  wire  and  the  upper  end  be  twisted,  the  torsion 
will  extend  down  the  wire  and  the  cube  will  spin  round;  to 
prevent  it,  a  force  must  be  exerted  in  the  opposite  direction — 
say  a  weight  hung  from  a  thread  passed  over  a  pulley  and 
attached  to  the  end  of  a  little  lever  through  the  cube  of  lead: 
the  weight  (which  thus  measures  the  force  of  torsion)  will  be 
proportional  to  the  amount  of  twist,  that  is.  the  force  of  tor- 
sion bears  a  constant  ratio  to  the  angle  through  which  the 
wire  is  turned,  and  hence  this  angle  represents  the  force  in 
amount. 

Before  beginning  the  experiments,  the  wire  must  be  freed 

from  twist  by  placing  the  magnet  NS  in  the  stirrup  and  turn- 
ing the  micrometer  index  and  zero-line  of  CC  until  both  are 
in  the  <lirection  of  the  magnet,  that  is.  iti  tlic  magnetic  me- 
ridian; then  the  magnet  is  replaced  by  a  similar  bar  of  copper 
and  this  will  e\entiially  settle  into  tlic  ]>lane  of  no-twist;  this 
plane  must  then  be  turned  to  coincide  with  the  meridian. 
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Coulomb's  experiments  were  made  with  two  steel  rods^ 

each  650  millimetres  long  and  3  millimetres  in  diameter,  both 
well  ma^netizctl,  and  alike  in  every  particular. 

By  varied  experiment,  he  found  that  the  effective  mag- 
netism of  these  rods  was  practically  limited  to  a  distance  of 
one-sixth  iheir  length  from  each  end,  and  that  even  the  cen- 
ter of  effort  of  this — the  resultant  magnetic  force  of  each  half 
— its  actual  pole,  was  located  only  about  twenty  millimetres 
from  the  end  of  the  rod. 

The  forces  in  action,  in  the  experiments,  are:  the  magnet- 
ism of  the  Earth;  that  of  th«  steel  rods;  and  the  torsion  of  the 
wire — all  evidently  subject  to  variability,  but  which  for  the 
same  time  and  place  may  be  considered  constant. 

Now  suppose  the  force  of  torsion  to  be  strictly  propor- 
tional to  the  angle  of  twist  of  the  wire  that  gives  rise  to  it,  and 
that  for  any  two  instances,  the  force  is  denoted  by  f  and  fr 
the  corresponding  angles  of  twist  being  A  and  A*\  then  by 
the  hypothesis  just  made. 


Let  B  and  B'  be  the  deflections  of  a  magnet  caused  by  forces 
equal  to  f  and  f\  these  forces  may  be  represented  by  lines- 


proportional  to  their  amount,  and  then  of  these  lines  and  of 
the  angles  B  and  B',  a  triangle  may  be  formed.  Fig.  291: 

hence  by  Trig. 


(50) 


Fta.  391. 


/: /'  =z  s\nB\  sin  B' 


(50 


or,  by  (50), 


A  I  A'  ^  sin  B I  sin  B\ 


(52) 


whence 


A'  = 


A  sin  /?' 
smB   '  * 


(53> 
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or,  taking  the  logarithms  of  both  sides^ 

log      =  log     +  log  sin      —  log  sin  B.    .  (54) 

By  this  equation,  different  values  of  may  be  computed 
for  various  (ietlections.  B';  and  then  by  comparison  of  these 
computed  angles  with  those  observed  for  the  same  deflection, 
it  may  be  seen  whether  the  angle  of  twist  truly  represents  the 
force  that  produces  tlic  deflection. 

The  instrument  having  been  prepared,  one  of  the  rod- 
magnets  already  described  was  placed  in  the  stirrup,  and  be- 
ing under  the  magnetic  influence  of  the  Earth  alone,  the 
following  experiments  were  made: 

TABLE  25. 


(«> 

Number  of 
F^xperimeot. 

Suspension  Wtre  Twisied 
Df  TurninK  ENtC  i^ 
Fi£.  s«o. 

(3) 

Deflections  of  Magnet 
from  Macnetic 
Meridian. 

(4I 

Angles  of  Torsion  of 
Wire  =  Diflerence  of 
Columns  (a)  and  (3). 

Trial  t  

I  eircle  s  360* 

349*  30' 

"  2.... 

2  circles  =  7ao 

21  15 

698  45 

3  *  *  *  * 

3  circles  =  io8o 

33  0 

1047  0 

^*  •  •  « 

4  circles  =  T440 

46  0 

1394  0 

^  .  .  .  . 

S    circles  =r  i9oo 

63  30 

1736  30 

"  0.... 

circles  =^  1980 

85  0 

1895  0 

Taking  trial  No.  2  as  standard  of  comparison  and  com- 
puting A'  by  means  of  eq.  (54)  for  trial  No.  3,  wc  have  the 
following  data  for  that  case:  A  =  6981^,  log  =  2.8444;  B  = 
21"  15'  and  its  log  sin  =  9.5592;  B'  =  33",  log  sin  =  9.7361; 
whence  A'  is  1050*;  observed  value  1047*;  difference  3*»  or 
an  error  of —  ^i^.  Computing  in  the  same  way  the  values  of 

for  trials  4,  5,  6,  using  the  corresponding  deflections  of 
col.  (3)  for  values  of  B*,  and  the  same  values  of  A  and  B  of 
trial  No.  2  for  all,  the  following  results  were  obtained;  and  as 
they  are  based  on  the  supposition  that  the  force  of  torsion  is 
]>roportional  to  the  angle  of  twist  of  the  wire,  the  closeness  of 
I  he  computed  and  observed -values  proves  the  truth  of  that 
hypoiliesis: 
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TABLE  28. 


Trials  2  and  4  compared 


(^'computed  =  1387*  )  Dlflfcffencc  7°. 
\A'  observed  =  1394    J  Error  + 


Trials  a  aad  5  compared 


\A'  computed  =  1726°   \  Difference  loj*. 


1  ^' observed  =  I736i  jl  Efor  +  tli- 
i  A'  computed  =  1921*  \  Differeoce  a6* 


Trials  3  and  6  compared 


\  A'  observed  =  1895  \  Error  —  Vk* 


The  next  step  was  to  determine  experimentally  the  value 
of  the  £arth*s  magnetic  effort  in  terms  of  the  torsional  effort, 
or  in  degrees  of  twist  of  the  wire.  The  instrument  was  pre- 
pared anew — suspension  wire  freed  from  "twist,  zero-lines  of 

circle  and  micrometer  turned  in  the  direction  of  the  rod,  mag- 
net already  described  in  the  slirni])  and  ai  rest  in  ihc  merid- 
ian, with  only  the  Earth's  magnetic  couple  i<>  act  on  it:  then 
tlie  wire  was  twisted  two  circle>.  or  720  ,  Ijv  means  of  the  disc 
B,  Fig.  290.  delleciinL;"  the  !na,L,mot,  which  stoi)ped  at  20* 
from  the  meridian,  thus  makiiii^  the  actnal  angle  uf  torsion 
720'  —  20°  —  700°.  In  this  balance  of  torsion  against  mag- 
netism, one  degree  of  detlection  is  equal  to  thirty-hve  degrees 
of  twist,  since  700  -r-  20  =  35.  Finally,  the  instrument  was 
again  prepared  as  above  to  determine  the  rate  of  change  of 
magnetism  with  varying  distance  from  its  focus. 

The  magnet  N'S\  Fig.  290,  identical  with  the  other,  was 
now  introduced  vertically  in  the  meridian  of  the  sus- 
pended one  and  moved  down  until  their  poles,  as  previously 
determined,  that  is,  twenty  millimetres  from  the  ends,  were 
in  juxtaposition:  north  poles  being  opposed,  the  suspended 
magnet  was  repelled,  introducing  twist  into  the  wire  until 
its  force  equalled  the  force  of  mutual  repulsion  between  the 
poles,  when  the  magnet  stopped  at  24*  from-  the  meridian; 
then,  by  means  of  the  disc  B,  Fig.  290,  more  twist,  three 
circles,  or  1080**.  was  turned  into  the  wire,  thus  forcing  the 
stispended  magnet  back  to  w'lthin  17*  of  the  merirlian; 
liiLilly.  the  disc  was  turned  ei^ht  circles  more,  or  2880**, 
driving  the  magnet  still  closer,  iz"  from  the  meritlian.  In 
these  three  cases  the  forces  in  action  were:  on  one  hand,  the 
mutual  repulsion  of  the  north  poles  of  both  magnets — on 
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the  other,  ihe  directive  magnetic  force  of  the  £^rth  and  the 

force  if  torsion. 

Since  each  degree  of  deletion  produced  by  twist  was 
found  to  have  a  torsianal  value  of  35° — ^that  is,  the  magnetic 
force  of  the  Earth,  as  well  as  that  between  the  magnets,  has 
this  value  of  35"  of  torsion  for  every  degree  of  deflection — 
we  can  now  reckon  in  torsional  effort  the  forces  on  both  sides 
of  the  three  cases  just  stated. 

Tst  Case:  24°  deflection  equals  24  X  35  =  840°,  the  tor- 
sional vahie  of  the  Farth's  magnetic  effort  to  bring  the  mag- 
net Itack  to  the  iiKii  iiaii;  add  to  this  the  actual  torsion  due 
to  the  magnet  itseh'  lying  outside  the  meriiiian  at  the  angle 
of  24",  and  we  have  864°  as  the  total  torsional  value  of  both 
forces  on  one  side;  on  the  other,  is  the  repellant  magnetic 
force  of  both  nortli  poles,  of  e(|ual  torsional  value,  since  the 
forces  on  both  sides  balance.  Jd  Case:  ly'  deriection  equals 
17  X  35  =  595*»  the  torsional  value  of  the  Earth's  magnetic 
directive  effort;  add  to  this  the  1080°  of  twist  to  force  the 
magnet  from  24*  to  within  17"  of  the  meridian,  and  also  17^* 
of  twist  due  to  the  magnet  lying  by  that  amount  outside  the 
meridian,  and  we  have  a  total  of  1692"  to  represent  both  the 
directive  force  of  the  Earth  and  the  torsion  of  the  wire  in 
their  balance  against  the  repellant  magnetic  force  that  kept 
the  magnet  17**  from  the  meridian,  jd  Case:  12*  deflection 
equals  12  X  35  =  4^o*,  the  torsional  value  of  the  Earth's  ef- 
fort; add  to  it  2880"  of  twist  to  force  the  magnet  from  17°" 
to  within  12*  of  the  meridian,  and  also  12*  for  the  twist  of  the 
deflection  of  that  amount,  and  we  have  3312°  to  represent  the 
total  torsional  effort  of  I'^.arth  and  wire  in  equilibrium  with 
the  repellant  force  of  both  magnets  to  keep  one  12°  from  the 
meridian. 

in  these  three  cases,  considering  the  arcs  of  deflection 
(24**;  17":  12^^)  as  the  distances  at  which  the  repellant  force  of 
magnetism  was  measured  and  found  in  torsional  value  to  be 
represented  respectively  by  864°,  1692",  33 12°,  we  should  haver 
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for  the  exact  inverse  scjuares  of  24,  17,  and  u,  the  numbers 
tIb»  svj'  i't4'  4'  '^"^^  which  tlie  precechni;  frac- 
tions are  proportional;  and  the  numbers  864,  1692,  and  3312 
bear  to  each  other  very  nearly  the  pdroportion  o£  the 
fractions  J,  I,  so  that  the  magnetic  force  is  thus  experi- 
mentally proven  to  vary  inversely  as  the  square  oi  the  dis- 
tance. 

Besides  errors  of  observation,  the  foregoing  procedure 
has  actual  conditions  differing  from*  the  ideal:  in  the  first 
place,  only  the  force  between  single  isolated  magnetic  points 
should  be  determined,  whereas  the  magnets  used,  were  really 
very  long  knitting-needles^  and  although  only  sections  three 
millimetres  long  (containing  the  poles)  were  in  juxtaposition 
in  the  horizontal  plane,  still  all  the  magnetic  elements  of  the 
one  needle  did  act  upon  all  the  elements  of  the  other — at  a 
great  disudvantaj^c  and  with  small  effort,  to  be  sure,  but  yet 
enoue^h  to  militate  aj^ainst  the  ri_i;orons  proof  of  the  law;  sec- 
ondly, the  arcs  of  the  circle  are  taken  for  the  distances, 
\vhereas  the  force  acts  along  the  chords  of  those  arcs,  and 
chords  and  arcs  do  not  increase  strictly  in  the  same  ratio;  that 
is,  the  chord  of  12'  being  0.2090,  the  chord  of  24°  is  not  twice 
this,  but  0.4158;  and  even  it  is  not  the  whole  force  along  the 
chord  that  should  be  used,  but  only  its  component  at  right 
angles  to  the  suspended  needle  (see  Fig.  292).  As  the  dis- 
tances along  the  arcs  are  thus  too  great,  so  is  the  force  in  its 
entirety  along  the  chord,  and  hence  these  two  errors  partly 
compensate  each  other. 

This  matter  has  been  described  with  unusual  detail,  be- 
cause, as  far  as  I  know,  Coulomb's  experiments  are  the  ones 
upon  which  the  law  of  variation  of  magnetic  force  rests. 

But  it  must  be  borne  in  mind  that  the  law  of  inverse  squares 
is  true  only  at  short  range  between  two  magnetic  elements — 
cither  particles  of  a  material  substance,  or  molecular  electric 
currents;  when  the  action  is  between  two  magnets  whose  size 
is  moderate  couii>ared  with  their  distance  apart,  the  force,  as 
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already  shown  in  Section  Two  of  this  chapter,  varies  inversely 
as  the  cube  of  the  distance;  when  a  magnet  acts  upon  a  mass 
of  soft  iron,  the  attraction  is  inversely  as  the  simple  distance 
while  this  is  considerable;  but  when  small,  the  attraction  is 
diicctly  proportional  to  the  square  of  the  strength  of  the 
magnet. 


Flo.  192. 


Conlnmb  also  proved  experimentally  the  law  of  inverse 
squares  for  electrical  action,  by  using  two  small  gilt  pith  balls 
at  the  ends  of  glass  rods  in  the  relative  positions  of  the  mag- 
nets just  described:  they  were  charged  with  the  same  kind 
and  quantity  of  electricity  and  the  procedure  was  the  same  as 
with  the  magnets. 

By  this  means  the  law  was  then  (about  the  year  1780) 
proved  to  the  accuracy  of  -^th  part;  but  with  the  delicate 
electrometers  of  to-day,  it  has  been  proved  accurate  to 
TrWirth  part. 
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Sectloii  Four :  BIfect  ol  Heat  on  tiw  Magnetic  Condition. 

z8x.  Magnetic  metals. — The  metals  distinctively  mag- 
netic— ^iron,  nickel,  and  cobalt — especially  the  first,  may  be  in 
two  different  conditions — hard  and  soft — ^with  corresponding 
differences  of  susceptibility  to  magnetism  and  retention  of  it* 
To  contrast  these  metals  in  a  general  way  relative  to  heat,  be- 
tween temperatures  of  — 20**  C.  and  +  150**  C,  iron  is  sus- 
ceptible to  magnetism  in  a  constant  ratio;  nickel  in  a  steadily 
decreasing  ratio;  and  cobalt  in  an  ever-increasing  one:  at  cer- 
tain very  high  temperatures,  different  for  each,  iron  and 
nickel  cease  to  exhibit  the  magnetic  quality,  while  cobalt  re- 
tains it  at  all  degrees  of  heat. 

Iron  alone  will  be  considered  further.  Jt  may  be  pure,  or 
mixed  with  cillicr  suhslaiin  s:  when  pure,  heated  t(>  a  briL,du 
red,  and  then  cooled  very  sluwly,  il  is  said  to  be  soil;  when 
either  pure,  or  mixed  with  carbon  (and  then  called  steel),  and 
has  been  brouglit  to  a  white  heat  and  then  plunged  into  a 
cool  liquid,  it  becomes  kard^  and  even  of  this  temper  there 
may  be  degrees. 

Between  \  cry  extreme  temperatures,  —  200**  C,  and  + 
780**  C,  the  resistance  of  iron  to  an  electric  current  augments 
at  an. increasing  ratio,  so  that  at  the  latter  high  heat  it  is  156 
times  more  difficult  for  the  current  to  pass  than  at  the  former 
low  cold;  and  as  this  is  a  peculiarity  of  all  the  magnetic  metals 
alonCt  it  points  to  a  close  connection  between  electricity  and 
magnetism. 

If  soft  iron,  cast  iron,  and  steel  be  heated  and  exposed 
alike  to  a  strong  magnetic  field,  the  induced  condition  in  each 
will  be  stronger  than  when  tliey  were  cold,  and  the  increase 
will  continue  up  to  a  dull  red  heat,  when  it  is  a  maximum  for 
all;  and  yet  it  is  different  for  each  at  ordinary  temperatures. 

Upon  cooling,  the  soft  iron  will  lose  its  mai,nietisin  com- 
pletely on  withdrawal  of  the  intlucing  held,  while  the  steel 
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under  similar  circumstances  will  retain  much  of  what  it  had 
acquired.  If  then  a  steel  bar  be  heated  to  redness  (by  spirit- 
lamps)  between  the  poles  of  a  very  powerful  electromagnet 
and  suddenly  cooled  with  a  shower  of  water  in  that  position, 
this  will  make  at  more  powerful  magnet  than  when  cold. 

•This  same  magnet,  like  soft  iron,  loses  its  magnetic  con- 
dition completely  at  a  wln'te  heat,  and  as  iron  in  all  its  physical 
states  is  thus  levelled  by  heat  to  the  same  inaction  toward  a 
magnetic  needle  that  wood  or  glass  is,  it  may  be  useful  to  ex- 
plain this  fact  on  the  theory  that  a  magnet  is  made  up  of 
atomic  magnets  or  molecular  electric  currents.  It  will  be  re- 
called that  the  magnetic  condition  upon  either  of  these  hy- 
potheses was  tlie  result  of  a  magnetic  flux  through  the 
particles — wheeling  their  axes  into  line:  when  a  steel  magnet 
is  dissolved  in  nitric  acid,  no  evidence  of  magnetism  remains; 
it  is  hke  a  multitude  of  very  small  magnets  mixed  up  in  a 
heap — ^their  fields  mutually  neutralize  each  other  and  no  re- 
sultant effect  is  discernible;  yet  each  minute  particle  is  still 
a  magnet. 

Now  heat  dispels  the  thraldom  of  the  molecules  of  a  mag- 
net and  their  vibratory  motions  produce  a  helter-skelter 
mingling  frhat  prevents  any  resultant  field;  but  when  they  cool 
while  permeated  by  the  magnetic  flux,  they  return  to  uni- 
formity of  direction  and  we  have  the  magnetic  condition  re- 
stored. * 

183.  Strength  of  magnets  changed  \tf  heat  and  cold. 

— Tiie  temperatures  experienced  by  the  Compass  in  either 
seasonal  ur  geoL^raijliical  ciianges  make  it  sUglitly  stronger  or 
weaker — more  quick  or  slow  to  move,  hut  does  not  aii'ect  the 
direction  it  poims  out:  as  heretofore  shown,  its  position  is  one 
of  equilibrium  between  two  contending  fields,  that  of  the 
Earth  and  that  of  the  Ship — it  enters  into  each,  and  disap- 
pears in  their  balance. 

Hence,  what  will  be  stated  here  has  reference  only  to  other 
magnetic  instruments,  whose  indications  in  different  temper- 
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atures  must  be  reduced  to  one  standard  in  order  to  be  com- 
parable; and  only  those  ordinary  changes  of  heat  and  cold 
experienced  with  time  and  place  will  be  considered. 

Generally  speaking,  all  magnets  lose  power  when  heated 
and  regain  it  when  cooled,  though  very  recently  the  contrary 
has  been  found  true  under  special  conditions;  but  every  mag- 
net  has  a  temperament  that  determines  its  own  rate  of 
change.  Let  denote  a  standard  temperature  and  any 
other;  and  the  intensity  of  pole  at  ti  and  ^«;  and  a  the 
peculiar  nature  of  the  magnet:  then  its  change  of  strength  is 
represented  by 

ntn  =         -        -  /i)J  (55) 

Relative  values  of  a  magnet's  strength  with  reference  to  a 
standard  may  be  determined  by  experiments  of  oscillation  or 
deflection:  only  the  latter  wilt  be  described,  as  it  is  the  more 
accurate  and  can  be  performed  with  the  instrument  used  in  a 
magnetic  survey. 

Fig.  293  represents  the  magnelonieter  arranged  for  the 


Fig.  ^3. 

experiment:  the  magnet  A  is  at  tirst  immersed  in  a  freezing 
mixture  contained  in  a  vessel  mounted  on  the  bar  R\  heat  is 
then  applied  to  the  mixture  and  the  exact  temperature  noted 
by  a  thermometer;  A  is  kept  at  a  constant  distance  from  B, 
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and  turned  at  right  angles  to  it  in  all  deflections,  these  l>eing 
read  on  the  horizontal  circle. 

The  forces  in  action  are:  on  the  one  side,  the  field  of  the 
Earth  and  torsion  of  the  suspension  thread — ^both  considered 
constant  on  account  of  the  short  time  of  the  experiment  and 
the  small  twist  turned  into  the  thread;  on  the  other,  the  vary- 
ing magnetic  intensity  of  A,  due  to  the  different  degrees  of 
heat.  As  the  torsion  aids  the  Kartli's  effort  and  is  propor- 
tional to  the  angle  of  deflection,  it  may  l)e  merged  into  the 
conple  of  tlie  Earth.  Expressed  analytically,  the  moments  in 
equilibrium,  then,  are: 

(2«'/')(2«iO(^)  =  {2tn*t)H.  sin  $, 

or, 

{2mi)R  =  //sinH  (56) 

in  which  (2m'0  is  the  magnetic  moment  of  B  and  (2i»/)  that 
oi  A;  R,  the  distance  between  the  centers  of  both  magnets; 
//,  the  £arth*s  field;  and  m  the  pole  intensity  of  A. 

Differentiating  (56)  with  respect  to  m  and  0,  which  alone 
are  variable,  we  have 

2  .1  ,R  .  dm  =  H .  cos  tf  .dd\  ....  (57) 

dividing  this  by  (56),  it  becomes, 

dm 

—  ^  coX9.de  (58) 

By  ol >>cr\  inL,'-  the  delleclion.  0,  at  the  lowest  temperature, 
and  its  small  changes,  d(f,  thereafter  at  each  increase  of  heat, 

we  can  then  by  (58)  calculate      for  a  series  of  temperatures, 

and  thence  trace  a  curve  for  that  particular  magnet,  using 

temperatures  for  abscissas  and  values  of      for  ordinates.  If 

Ave  note  0  at  the  standard  temiieraiure.  m  is  obtained  in 
<lynes  from  (56) — all  the  other  quantities  in  that  equation  be> 
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tng  known  in  C.G.S.  units-^and  then  the  ratio  —  derived 

m 

from  any  part  of  the  curve,  is  clearly  the  change  of  intensity 
in  terms  of  the  intensity  at  the  standard  temperature. 

Varied  and  oft-repeated  experiments  by  divers  skillful  ob- 
servers have  established  the  following  relations  between  heat 
and  the  magnetic  condition:  weak  magnets  lose  strength 
more  easily  and  to  greater  degree  than  powerful  ones;  the 
loss  for  all  magnets  is  not  strictly  in  a  constant  ratio,  but  in  a 
slightly  increasing  one  with  the  higher  temperatures;  mag- 
nets must  be  subjected  for  some  little  time  to  heat  or  cold  in 
order  to  be  affected  to  the  full  measure  of  their  surroundings 
— the  action  is  not  instantaneous;  in  general,  the  alternate 
heating  and  cooling  of  a  magnet  has  a  permanent  deleterious 
effect  on  iis  iiucuhiiy;  hctuceii  C.  and  +  38°  C.  the  change 
in  intcnsiiy  is  proportional  to  the  heat — ^ihat  is.  a  change 
of  1°  {)r()(liiocs  a  <Icl\nite  variation  of  intensity;  uf  twice 
tiii>;  of  3  .  three  times,  and  so  on;  up  to  about  100^  C. 
the  magnet  will  recover  the  sireni^th  it  harl  at  a  certain  tem- 
perature wiien  cooled  again  to  that  same  degree,  but  beyond 
100°  there  is  a  definite  loss  that  never  reapi)ears;  when  car- 
ried to  a  white  heat  every  magnet,  as  well  s^a  all  iron,  lose  the 
magnetic  quality  and  affects  a  compass-needle  no  more  than 
copper  does. 

Of  recent  years,  experiments  on  a  certain  kind  of  music- 
wire  have  disclosed  the  fact  that  there  is  an  intimate  relation, 
on  the  one  hand,  between  the  length  and  diameter  of  the 
wire,  and,  on  the  other  hand,  the  manner  in  which  it  is  af- 
fected by  heat,  when  magnetized. 

Catling  the  relation  of  diameter  to  length  a  "  dimension 
ratio,  it  was  found  that  by  suitably  changing  this,  a  certain 
one  was  found  for  a  particular  kind  of  wire  in  which  heating 
or  cooling  had  no  effect  whatever  on  the  intensity  of  mag- 
netization. This  is  an  important  fact— of  great  use  in  the 
manufacture  ui  magnetic  instruments. 
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CHAPTER  XI. 

THEORIES  OF  MAGNETISM— MOLECULAR  AND 

TERRESTRIAL. 

Section  One:  Similarity  of  Magnetic  Action  of  Steel  Bars,  Elec- 
tric Solenoids,  and  the  Earth. 

183.  Value  of  a  theory  in  any  science.  —  It  is  the  ob- 
ject of  experiment  to  discover  the  facts  thai  stud  any  region 
of  nntuic — to  cliip  away  every  encasini:;-  substance  and  lay 
bare  the  inimntablc  kernel  for  contemplation  l\v  the  mind:  it 
is  the  pro\  inee  of  theory  to  exercise  the  imagination  and  rea- 
son upon  tlie  relative  i)earinLj  of  these  facts — to  explain  them 
— to  weave  about  them  a  fabric  wliose  desig^n  shows  order, 
regularity,  and  sequence,  rather  than  mere  agglomeration — 
to  make  this  mantle  of  such  form  and  size  that»  without  un- 
due stretching  and  piecing,  it  will  cover  new  facts  as  they 
arise,  and  that  others,  obviously  related  to  their  predecessors, 
.  will  not  rend  it. 

A  theory,  besides  thus  affording  a  rational  mental  view  of 
grouped  phenomena,  has  the  further  value  of  pointing  out 
the  way  in  which  new  discoveries  He,  and  even  sometimes  of 
predicting  the  very  nature  of  the  facts  to  be  found. 

Facts  are  the  isolated  ingredients  of  which  a  theory  may 
be  compounded;  and  although  the  theory  may  be  crude  in  the 
first  workman's  hands,  still  others  of  more  skill  continually 
arise,  until  at  last  a  genius  j^-ives  it  a  touch,  and  we  have  a 
masterpiece,  as  in  the  grand  triplet  of  electricity-magnetism- 
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luminosity — a  combined  wave-motion — ^growing  out  of  the 
simple  undulatory  theory  of  light.  It  was  a  high  and  pleasur- 
able effort  for  the  long  line  of  workers  in  this  vein  from  its 
primal  uncovering  until  the  whole  ledge  was  explored;  and 
such  it  is,  and  ever  will  be,  in  the  perfecting  of  any  theory. 

It  is  the  aim  of  this  section  to  show  that  by  the  similarity 
of  their  action  to  that  of  a  solenoid,  a  steel  bar  and  the  I  "-artli 
may  have  the  same  basic  principle  of  mamictiMii — ^aii  elec- 
tric current:  of  molecular  size  in  the  former  and  terrestrial 
girth  ill  the  latter. 

184.  Evolution  of  the  solenoid  from  a  single  loop  and 
a  steel  magnet  from  a  disc,  and  identity  of  action  of  both. 
— If  a  thin  steel  disc  be  rubbed  with  a  bar-magnet,  it  will  be- 
come a  magnet,  too — each  side  acquiring  polarity  of  one 
kind;  and  if  suspended  by  a  thread,  as  at  D,  Fig.  294,  it  will 
face  north  and  south:  it  is  an  element  of  which  many  may  be 
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produced,  and  when  se\  oral  are  united  with  sides  of  opposite 
polarity  toucliiuL;.  thc-_\-  constitute  the  c\liinh-ical  magnet  XL 
If  a  loop  of  insulated  wire  lie  su.^pcnded  by  a  iliread.  as  at 
n.  Fig.  2()4.  and  leadini^  w  ire^  extend  to  the  battery  H.  the 
loop  will  lace  n^irtli  antl  south  when  traver-ed  by  a  current  in 
the  direction  of  the  arrow?^:  if  the  current  be  rcver>e(i.  the 
loop  will  turn  round  until  the  lace  that  was  south,  looks 
north;  and  a  similar  thing  might  be  done  with  the  disc  by  re- 
versing its  polarity  with  a  bar-magnet. 


Digitized  by  Google 


MAGNETS,  SOLENOIDS,  AND  THE  EARTH  COMPARED.  45S 

The  loop  b  an  element^  of  which  many  may  be  formed,  and 
thus  arrive  at  the  helix,  Fig.  295 — ^a  solenoid. 

Fio.  295. 

It  is  evident  that  the  elements  may  be  square,  triangular, 
elliptical,  or  of  any  other  shape,  and  the  resulting  magnet  or 
solenoid  will  have  corresponding  form. 

As  the  elementary  disc  and  loop  settled  with  their  axes  in 
the  magnetic  meridian,  so  will  the  magnet  M  and  solenoid  L 
when  the  former  is  hung  by  a  thread  from  its  center,  and  the 
latter  free  to  move,  as  un  a  lioating  battery,  Fig.  296;  and  the 
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solenoid,  whose  virtue  consists  only  in  an  electric  current,  is 
as  truly  a  compass  that  obeys  the  direction  and  fluctuations 
of  terrestrial  magnetism  as  any  steel  needle.  Even  the  Dip 
may  be  indicated  by  an  electric  current;  consider  Fig.  297:  it 
consists  of  a  frame  C  of  copper  wire,  movable  about  a  hori- 
zontal axis  that  rests  upon  metal  {lillars;  D  is  a  light  wooden 
bar  fixed  in  the  frame,  and  NS  an  ivory  arrow  set  at  right 
angles  to  its  plane;  a  current  may  enter  the  system  at  ^,  make 
the  circuit  indicated  by  the  arrows,  and  depart  at  it;  when  this 
is  the  case,  and  the  instrument  has  been  set  so  that  the  arrow 
may  revolve  in  the  vertical  plane  of  the  magnetic  meridian, 
the  frame  will  turn  until  the  arrow  points  in  the  line  of  Dip. 
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It  will  be  seen  later  that  if  the  Earth  be  traversed  by  elec* 
trie  currents  from  East  to  West,  it  will  fully  explain  these 
phenomena. 

The  solenoid  has  two  equal  poles  and  a  neutral  zone,  just 
like  a  steel  magnet;  iron  filings  cling  to  it,  and  group  about  it 
in  the  same  symmetrical  filaments;  it  will  magnetize  steel  or 

iron;  if  one  solenoid  be  suspended  so  as  to  have  free  motion 
and  another  be  presented  to  it,  repulsion  or  attraction  will 
ensue  between  tliem  exactly  as  between  steel  magnets  under 
similar  circumstances,  or  between  magnets  and  solenoids; 
and,  in  fact,  there  is  no  property  or  action  of  the  steel  magnet 
that  has  not  its  counterpart  in  the  solenoid. 

These  phenomena  also,  as  well  as  others,  will  be  fully  ac- 
counted for  b\  the  mutual  actions  of  currents  set  forth  in  the 
following  articles. 

185.  Mutual  action  of  electric  cunents  Like  mag- 
nets, electric  currents  repel  and  attract  each  other  according 
to  circumstances;  but  to  exhibit  such  actions,  means  must  be 


Fig.  298. 


provided  for  giving  the  wire  bearing  one  current  full  freedom 
of  motion:  this  is  done  hy  the  api)aratus  illustrated  in  Fig, 
298.  Upon  a  floating  battery  is  supported  a  rectangular  wire 
in  which  a  current  circulates  as  indicated;  another  current 
passes  down  the  hxed  wire  Fi  if  the  branch  A  of  the  moveable 
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current  be  a  little  distance  from  it  will  be  drawn  into  par- 
allelisni  with  it,  proving  that  livo  currents  in  the  same  dircc- 
ttCH  attract  each  other;  but  if  the  branch  R  be  near  F,  it  will 
be  thrust  away,  showing  that  two  currents  in  opposite  direc" 
«    Hons  repel  each  other. 

From  these  two  principles  flows  a  third — ^that  two  cur- 
rents, crossed  (in  different  planes)  without  meeting,  will  move 
inio  parallelism. 

Consider  Fig,  299:  the  sections  OC  and  OD  flow  in  the 
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same  direction  and  hence  ailiact  each  uihcr,  and  RO  and  BO 
do  the  same;  but  in  EO  the  current  ilows  toward  0,  wliile  in 
OC  it  Hows  froi!i  it — two  currents  in  opposite  direction  and 
hence  repulsion,  and  the  same  is  true  of  the  brandies  BO  and 
OD  considered  jointly:  the  coml)ined  result  of  tliese  four  ef- 
forts is  to  swing  the  wires  into  the  same  plane,  and  this  is  ex- 
perimentally shown  by  a  modification  of  Fig.  298;  if  a  branch 
ED  be  added  to  F,  and  the  floating  wire  BC  be  turned  to  make 
an  angle  with  ED — crossed  without  meeting,  as  represented 
in  Fig.  299  and  above  Fig.  298 — then  the  moveable  wire  will 
turn  until  it  is  beneath  ED,  make  a  few  oscillations,  and  then 
come  to  rest  parallel  to  the  fixed  wire  ED. 

A  sinuous  current  is  equal  to  <i  straight  one  of  like  intensity. 
This  is  proven  by  Fig.  300,  where  the  mobile  insulated  wire, 
pivoted  at  C  and  0,  is  straight  from  M  to  N,  and  then  wound 
back  in  coils  upon  itself;  when  approached  to  the  fixed  wire 
ABf  neither  attraction  nor  repulsion  will  occur — MN  will  not 
move — proving  that  the  spiral  and  straight  currents  com- 
pletely neutralize  each  other.  This  principle  is  orien  used  in 
leading-wires — twisting  them  together  so  that  they  shall  not 
produce  any  effect:  and  upon  this  principle  also — that  be- 
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tween  the  same  points  a  straight  and  sinuous  current  are 
equal — a  bent  w  ire  may  replace  a  straight  one,  or  vice  versa; 
or  currents,  like  forces,  may  be  compounded  or  resolved i 

0=^ 
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thus,  in  Fig.  301,  we  may  have  two  branches  AB  and  BC 
equal  jointly  to  AC\  or  in  Fig.  302  every  element  of  a  round 


c 

Fig.  308. 


Fig.  303. 


circuit  ABC  may  l)e  replaced  by  tlie  rectangular  components 
AD  and  DC,  TIk'  imj)()rt  of  this  will  be  seen  in  tlie  case  of  a 
round  circuit  being  directed  by  an  indeiinite  straight  current. 

The  action  of  a  current  of  indefinite  length  upon  a  sliort 
one — l)oth  straight  and  at  right  angles  to  each  other — ^is  illus- 
trated l)y  Fig.  303:  let  pu  represent  the  indefinite  current  and 
AB  the  short  one;  this  latter  meets  the  horizontal  plane  at  /i, 
from  which  a  perpendicular  ho  extends  to  pn\  let  the  wire  AB 
be  free  to  move  parallel  to  itself  in  the  direction  fni.  The 
portion  po  runs  toward  the  same  point  as  AB,  and  the  equal 
portion  on  from  it,  the  one  producing  attraction  represented 
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by  C£p  the  other  repulsion,  denoted  by  CD,  and  both  tending 
to  move  the  wire  AB  bodily  toMird  the  left  of  the  observer  in 
the  direction  of  their  resultant  CR,  parallel  niid  contrary  to 
the  current  pn.  If  the  current  ran  uj)  in  AB,  its  movement 
would  be  reversed:  if  the  middle  point  C  were  at  h,  the  actions 
on  each  half  being  equal  and  opposite,  the  wire  would  remain 
in  repose:  if  unequal  sections  of  AB  were  above  and  below 
fntt  the  difference  of  action  on  both  would  determine  the 
amount  of  the  moving  force  and  its  direction:  ii  AB  wer^ 
fixed  and  pn  free  to  move,  it  would  do  so — right  or  left  ac- 
cording to  the  circumstances  stated  above.  These  various 
motions  arc  deduced  from  the  principles  already  established, 
but  they  can  be  expci  inicntally  shown  by  the  instrument  of 
Fig.  304.   It  consists  of  a  circular  trough  lille<l  with  acidu- 
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lated  water,  from  the  center  of  which  rises  an  insulated  metal 
column;  a  light  wooden  arm  is  pivoted. and  balanced  on  the 
top ;  a  wire  is  wound  about  this — one  end  connecting  with  the 
column  and  the  other  dipping  into  the  water;  a  current  enters 
the  column  beneath  the  trough,  traverses  it  and  the  vertical 
wire  AB  and  departs  by  the  water  and  another  wire:  the  in- 
derinilely  long  current  passes  through  f>n,  and  when  this  is 
brought  near  AB,  it  will  cause  tlic  latter  to  move  as  described 
above  under  the  different  conditions. 

The  rotation  of  a  -liort  current  by  an  indellnitely  long  one 
— both  rectilinear — is  illustrated  by  Fig.  305.  The  short  cur- 
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rent  flows  from  A  to  C  and  tlie  long  one  from  /» to  »;  the  wire 
AC  is  pivoted  at  ('  to  admit  of  free  rotary  motion.  By  con- 
sidering- the  relative  directions  of  botli  currents  in  the  succes- 
sive positions  of  the  short  one,  it  will  be  seen  that  their  mu- 
tual action  is  to  cause  the  wire  AC  to  rotate  as  indicated  by 


the  arrow  B:  at  /i,  for  instance,  AC  and  the  portion  Dn  pro- 
ceed from  the  same  point  D — whence  attraction;  while  between 
AC  and  the  portion  J5D  there  is  repulsion,  since  one  flows 
irom  the  direction  of  the  point  D  and  the  other  toward  it.  both 
efforts  moving  the  wire  to  .  /  ,C\  where  tlie  condition  prevails 
of  parallel  and  opposite  currents  and  hence  repulsion:  this 
continues  the  movement  io  A.^C,  and  so  onward — attraction 
and  repulsion  conspiring  to  rotation.  If  the  -hort  current  were 
reversed,  the  movement  of  its  wire  would  also  be — a  general 
feature  of  all  these  experiments;  if  />;/  cross  ,IC  between  A 
and  C  tliere  will  be  either  e(|ual  effort  on  both  jiarts  of  AC 
and  hence  equilibrium,  or  a  dilTerence  of  elTort  and  hence  mo- 
tion one  way  or  the  other  according  to  tli  (  onditions.  All 
these  movements  may  be  <lemonstrated  by  the  instrument 
represented  in  Fig.  306 — so  like  in  principle  Fig,  304  that  no 
description  is  needed. 

The  directing  influence  of  a  long  straight  current  upon 
rectangular  and  round  circuits  is  shown  by  Figs.  307  and  308: 
in  the  first  the  wire  A  BCD  is  pivoted  at  E  and  F  to  attain  free 
motion  round  the  vertical  axis  XY;  by  turning  it  to  make  an 
angle  pYB  with  the  fixed  wire  fnt,  it  is  clear  that  the  pair  of 
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horizontal  currents  on  each  side  of  Y  produce  attraction;  and 
by  reference  to  the  mutual  action  of  vertical  and  horizontal 
currents  set  forth  in  Figs.  303  and  304,  it  will  be  seen  that  in 

Fig.  307  the  currents  m  Ah  and  pY ,  as  well  as  those  in  Yn 

and  CD,  conspire  with  the  pair  coinerg^ing  to  1'  and  the  pair 
diverging  from  it  to  swing  the  plane  of  the  rectangle  parallel 
to  pn.   The  same  is  true  of  the  round  circuit,  Fig.  308,  for 


every  element  of  it  (as  previously  shown)  can  be  replaced  by 
horizontal  and  vertical  components,  and  then  the  case  reverts 
to  that  of  Fig.  307.  These  two  cases  explain  how  the  solen- 
oidal  current  of  Fig.  296  and  the  rectangular  current.  Fig. 
297,  indicate  the  Variation  and  Dip  respectively,  if  we  regard 
terrestrial  magnetism  as  due  to  electrical  currents  circulating 
in  the  Earth. 

The  action  of  a  circular  current  upon  a  short  straight  one 


Fig.  307. 


Fig.  308. 


Fig.  309. 


Fio.  31a 


at  right  angles  to  its  plane  is  illustrated  by  Fig.  309:  at  what- 
ever part  of  the  circular  current  the  vertical  one  may  be,  there 
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is  attraction  on  one  hand,  as  at  fD^  and  repulsion  on  tlie 
other,  as  at  Dn,  since  these  are  cases  of  currents  toward  and 
from  the  same  point;  the  result  is  that  the  wire  AB  will  re- 
volve  about  the  vertical  axis  xy  in  a  direction  contrary  to  the 
circular  current,  as  may  be  demonstrated  by  Fig.  304,  after 
removing  the  wire  p%\  from  it,  and  sending  a  current  round  a 
metal  band  enclosing  the  exterior  of  the  trough. 

The  mutual  action  of  a  circular  current  and  a  short 
straight  one  in  a  plane  parallel  to  it  is  illustrated  by  Fig.  310, 
and  may  be  experimentally  shown  by  Fig.  306. 

x86.  Mutual  action  of  magnets  and  currents.— In  this 
article  some  experiments  will  be  described  to  show  that  a 
steel  niai^iiei  may  replace  one  of  the  currenls  in" the  fureguing 
actions  t>l  i\\<>  currents  on  each  other,  and  yet  have  the  rc- 
Milting  i)lieuomeaa  identical  in  both  cases:  the  warrantable 
inference  is  tliat  the  mntrnetisni  of  the  steel  bar  may  be  due 
to  currents  in  its  structure. 

The  (Urectivc  force  ol  a  current  u|K)n  a  magnet  is  illus- 
trated by  Fig.  311.  Without  current  in  ilie  wire,  the  needle 
will  repose  in  the  magnetic  meridian,  but  with  it  passing  from 
A  to  B,  the  needle  ns  being  free  to  float  on  the  water  and 
turn  on  its  pivot,  wilt  move  up  until  its  neutral  zone  is  under 


the  wire  and  then  turn  across  it:  the  degree  of  dellection  will 
depend  un  the  strength  of  ihe  current. 

If  the  magnet      be  conceived  made  up  of  small  electric 


.n 


Fiu.  311. 


Fio.  312. 


Digitized  by  Google 


MAGNETS,  SOLENOIDS,  AND  THE  EARTH  COMPARED.  4^3 

-circuits  set  at  right  angles  to  the  axis  of  the  magnet,  its  two 
«nds  will  present  the  appearance  of  Fig.  312— currents  mov- 
ing like  the  hands  of  a  clock  (and  this  is  the  south  pole),  while 
•others  flow  oppositely  (and  this  is  the  north  pole). 

In  reality,  these  are  but  two  aspects  of  the  same  thing,  as 
may  l)e  seen  by  drawing  a  circle  on  transparent  paper  and  in- 
dicating the  movement  by  arrows:  looked  at  on  one  side,  the 
motion  is  from  right  to  left — on  the  other,  from  left  to  right. 

Now  on  this  hypothesis  of  molecular  currents,  consider 
Fig.  313 — a  quartering  view  of  Fig.  312  (when  straightened 
•out)  looking  at  the  south  end — and  compare  it  with  Fig.  308; 
in  the  latter,  the  mutual  effort  of  circular  and  straight  cur- 
rents is  to  swing  into  parallelism  in  such  manner  that  they 


Fig.  313.  Flo.  314. 


shall  flow  in  the  same  direction,  and  this  is  accomplished  in 
f  ig^-  313  the  magnet  ns  turning  across  the  wire  as  indi> 
cated  by  the  arrows  x  and  y  into  the  position  »V.  The  con- 
verse of  the  preceding — ^that  a  moveable  current  will  take  po- 
sition across  a  fixed  magnet — is  also  true:  when  the  magnet 
M  in  Fig.  314  is  brought  down  parallel  to  the  floating  wire, 
the  latter  will  turn  across  the  middle  of  the  former  with  the 
./-end  of  the  current  to  the  observer's  right  as  he  looks  from 
X  toward  X;  should  the  magnet  l)e  thrust  in  between  the  hori- 
zontal branches  of  the  wire  and  then  drawn  along  hy  the 
hand,  it  will  attract  the  floating  battery  with  it;  and  if  the 
poles  of  the  magnet  bear  such  relation  to  the  rectangular  wire 
that  their  hypothetical  circular  currents  flow  contrary  to  the 
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Straight  one,  the  floating  battery  will  turn  round  until  both 
systems  have  the  same  direction. 

The  rotation  of  a  steel  magnet  by  a  current  may  be  va- 
riously produced:  only  two  instances  will  be  described.  In 
Fig.  315  a  cylindrical  magnet  is  pivoted  vertically;  if  the  cur- 


Fig.  315.  Fig.  316. 


rent  be  led  in  at  either  pole  and  out  at  the  middle  by  means* 
of  a  metal  spring  pressing  against  its  surface,  the  magnet  will 
spin  round  its  own  axis;  and  conversely,  if  the  magnet  be 
whirled  round  its  axis  by  any  mechanical  device,  this  will  ex- 
cite a  current  in  the  wire:  indeed  both  facts  have  daily  illus- 
tration— the  latter  in  the  dynamo,  the  former  in  the  motor. 
But  the  current  must  not  be  led  into  one  pole  and  out  of 
the  other,  or  at  any  two  points  equally  distant  from  the  neu- 
tral zone,  for  this  would  call  ccpial  and  opposite  forces  into- 
action  and  result  in  non-rotation. 

The  second  instance  of  rotation  is  represented  by  Fig. 
316:  the  magnet  ballasted  with  platinum  at  the  lower  end, 
floats  in  mercury;  its  upper  end  forms  a  little  cup  into  which 
the  needle  x  dips  while  another  needle  y  touches  the  surface 
of  the  mercury,  thus  closing  the  electric  circuit  indicated  by 
arrows.  From  x  the  current  spreads  radially  over  the  surface 
of  the  mercury  as  shown  in  Fig.  317— an  instance  of  short 
straight  currents  acting  on  circular  ones  (those  of  the  mag- 
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net),  whose  theory  has  been  given  in  connection  with  Fig. 
310— and  hence  rotation  of  the  magnet  on  its  axis  is  the  re- 
sult. If  both  the  needles  x  and  y  dipped  directly  into  the  mer- 


cui  V  of  the  jar.  the  mag-net  would  circulate  bodily  round  the 
axis  of  the  jar,  and  the  reason  is  obvious. 

The  rotation  of  a  current  l)y  a  steel  magnet  is  produced  by 
the  apjjaratus  of  h'ij^.  318:  the  wire  ABC  is  pivoted  at  B  and 
both  ends  dip  into  liquid  in  the  annular  vessel,  thus  affording 
a  closed  circuit  for  the  current  as  indicated;  upon  pushing  the 
north  pole  of  a  magnet  up  through  the  central  hole  of  the  ves- 
sel, the  rectangular  wire  will  turn  around  its  supporting  ' 
column  as  an  axis;  withdrawing  this  end,  and  entering  the 
south  pole  will  cause  rotation  in  a  contrary  direction.  A  so- 
lenoid, in  which  circular  currents  are  the  active  principle,  will 
produce  the  same  results — giving  direct  support  to  the  hy- 
pothesis of  molecular  currents  in  the  steel  magnet. 

Another  illusl ration  of  the  rotary  effect  of  a  steel  mag^net 
u|)on  a  current  is  atTorded  by  Fifj-.  319:  a  hue  silver  wire 
carrying'  a  strong-  current  hangs  loosely  from  a  supjiort  sus- 
taining a  magnet,  and  when  brought  near  this,  the  wire 
twines  itself  in  spiral  coils  round  each  pole;  if  the  magnet 
were  flexible  and  the  current  passed  through  a  rig^d  rod,  the 
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former  would  encircle  the  latter — in  fact  the  action  is  recip- 
rocal, and  is  but  the  fulfillment  of  the  efTort  made  by  a  majr- 
net  and  wire  to  turn  across  each  other's  axis  as  already  illus- 
trated in  Figs.  311  and  314. 

Liquids  may  be  set  in  rotation  by  a  magnet,  as  in  Fig.  320: 
A  is  an  annular  vessel  containing  acidulated  water  upon 
-which  a  cork  ring  floats  with  little  flags  to  indicate  the  move- 


Fig.  319.  Fig.  320. 


ment;  strips  of  brass  are  attached  to  the  walls  of  the  vessel, 
and  from  them  wires  are  led  to  a  source  of  electricity — ^in, 
from  /  on  the  outer  wall  to  the  liquid,  through  this,  and  out 
at  i'  connecting  with  the  iimer  wall.  Both  a  steel  magnet  and 
a  solenoid,  when  j)ushed  nj)  through  the  central  aperture  in 
the  vessel,  will  produce  identical  elTects — rotation  of  the 
li(|ui(l  in  the  amuilar  space — in  strict  conformity  with  the 
theory  of  the  mutual  action  of  currents. 

If  a  stream  of  mercury  flow  from  the  upper  pole  of  a  mag- 
net, it  will  be  twisted  in  its  descent  to  the  lower  pole  like  the 
strands  of  a  rope — Fig.  321. 

Gases,  too»  may  be  rotated  by  magnets.  Fig.  322:  a  soft 
iron  cylinder  C  rests  on  an  electromagnet,  by  which  it  be- 


Digitized 


MAGNETS,  SOUSNOJDS,  AND  THE  EARTH  COMPARED,  46/ 


comes  magnetized;  it  is  enclosed  in  a  vessel  partly  exhausted 
of  air;  an  electrical  discharge  through  this  is  effected  by  con- 
necting the  terminals  of  an  induction-coil  to  the  vessel  above 
one  pole  of  the  cylinder  as  at  p  and  the  other  at  its  middle  n. 
Under  favorable  conditions  the  glow  of  discharge  down  the 


Fio.  321.  Fig.  saa. 

length  of  the  vc>scl  will  be  seen  to  revolve  rinind  the  cylin- 
der C\  An  experiment  similar  to  this  has  already  been  de- 
scribed to  illustrate  the  nature  of  the  polar  aurora — that  it 
may  be  due  to  electrical  discharges  in  the  rarefied  regions  of 
the  atmosphere:  the  aurora,  like  the  experimental  gas,  has 
also  a  rotary  motion  round  a  magnet — the  Earth. 

187.  Action  of  the  earth  vpon  electric  currents. — Closed 
circuits  and  horizontal  and  vertical  currents  of  short  length 
are  affected  by  the  natural  field  of  the  Earth  in  precisely  the 
same  wa}  that  they  are  by  steel  magnets  and  currents. 

The  directive  action  of  the  Earth  has  already  been  illus- 
trated in  Figs.  296  and  297:  it  is  more  clearly  shown  in  Fig. 
3J3.  where  a  circular  wire  i)ivoted  in  mercury  cups  at  m  and 
in  is  free  to  move  round  a  vertical  axis;  without  current,  it 
-vvill  rest  in  any  position,  but  with  it.  as  indicated  by  the  arrows. 
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the  wire  will  turn  until  its  plane  is  perpendicular  to  the  mag- 
netic meridian,  an  1  in  such  manner  that  the  current  circulates 
in  the  lower  half  from  east  to  west;  if  disturbed,  it  will  re- 
turn to  this  position,  and  if  set  so  that  the  current  in  the  lower 
half  is  from  west  to  east,  it  will  turn  through  i8o"  in  order 


that  the  flow  may  be  from  east  to  west:  from  this,  it  is  in- 
ferred that  terrestrial  currents  also  run  from  east  to  west, 
since  this  parallelism  of  both  currents  can  only  result  from 
their  flowing*  in  the  same  direction. 

P'ig.  3J4  rc'prcsenis  the  nierins  (jmplovcd  to  show  the 
Karth's  action  upon  vertical  cui  rents:  two  shallow  brass  ves- 
sels supported  on  a  metal  column  are  filled  with  acidulated 
water;  a  lii^lit  wooden  rod  is  pivoted  horizontally  on  the  col- 
umn; this  is  in  contact  with  the  tluid  in  the  upper  basin  but 
insulated  from  that  below;  a  light  wire  is  coiled  around  one 
arm  of  the  wooden  rod  with  one  end  dippinj^  into  the  water 
above,  the  other  into  that  below ;  strips  of  brass  beneath  the 
lower  basin  establish  communication  with  the  battery;  the 
current  enters  by  the  wire  ^,  passes  up  the  column,  spreads 
radially  over  the  water  in  the  upper  basin,  into  the  wire  A, 
around  the  coils  on  the  rod,  down  by  the  pendant  wire  B, 
into  the  water  below,  and  thence  out  by  the  slip  n  which  is 


Fig.  393. 


Fig.  314. 
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connected  with  the  water  below.  Considering  the  Earth  trav- 
ersed by  currents  from  east  to  west,  this  is  then  the  case  of 
a  short  vertical  current  in  the  presence  of  an  indefinitely  long 
one — ^a  case  fully  explained  in  connection  with  Figs.  303  and 
304:  there,  it  was  shown  that  the  vertical  current  being  free 
to  move,  would  do  so-^ — always  scttliiii;  in  tlic  vcriical  plane 
through  its  own  wire  and  the  horizontal  one — and  so  it  acts 
in  Fig.  324;  as  the  lerrc^irial  current  is  predicated  lo  run  east 
and  u  est,  the  vertical  current  B  will  set  itself  to  the  east  of 
the  column  C  if  the  How  in  B  be  down,  but  to  the  west  of  C 
if  it  be  up — in  both  cases  in  conformity  to  theory. 

If  a  rod  with  two  wires.  Fig.  325,  be  pivoted  on  the  col- 
umn, the  current  in  each  branch  tends  to  place  itself  to  the 
•east  of  the  column — the  efforts  counterbalance — and  no  mo- 
tion results. 


Fio.  385.  F'o-  3«6* 


Fig.  326  illustrates  the  Earth's  action  on  a  horizontal  cur- 
rent: it  is  similar  to  Fig.  324  and  will  be  readily  understood 
from  the  description  of  that;  the  current  traverses  the  central 
column  and  departs  by  the  horizontal  and  vertical  branches 
of  the  pivoted  conduit.  As  the  flow  is  down  in  both  vertical 
branches,  their  efforts  neutralize  each  other,  leaving  only  the 
horizontal  current  to  be  considered:  it  is  the  case  of  a  short 
current  in  a  plane  parallel  to  an  indefinitely  long  one — that  of 
the  Farih— a  case  described  in  connection  with  Fig.  305. 
The  effort  of  the  Farth  is  to  give  the  liori/oiurd  branch  AB 
in  Fig.  326  a  contmued  rotation  whose  direction  depends  on 
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whether  the  current  flows  out  from  the  central  column  or  \xt 
toward  it. 

z88.  CumntSy  solenoidSy  steel  magnetei  and  tbe  Earth 
— all  induce  omenta  in  conductors* — ^If  a  long  wire  carry- 
ing a  current  be  quickly  approached  to  a  metal  ring,  or  sud- 
denly withdrawn  from  it,  either  movement  will  induce  a  tran- 
sitory current  in  the  circuit.  This  fact  is  more  forcibly  illus- 
trated by  Fig-.  327,  where  a  solenoid  5  is  thrust  into  a  coil  of 
wire  C  and  quickly  pulled  out  again:  a  reverse  current  with 


Fiu.  327.  Fig.  398. 


the  former  movement  and  a  direct  one  with  the  latter  will  be 
indicated  by  the  galvanometer  <7»  and  the  intensity  of  both 
will  depend  upon  the  rapidity  of  motion  of  the  solenoid.  Re- 
sults of  precisely  the  same  kind  and  degree  are  obtained  by 

usin^if  a  steel  magnet  in  place  of  a  solenoid — Fig.  328. 

And  without  magnet,  solenoid,  single  wire,  or  any  other 
visible  source  of  electricity,  like  effects  are  obtained  from  the 
natural  field  of  the  I*larth.  The  means  to  this  end  are  repre- 
sented by  Fig.  3J9:  it  consists  of  a  woodeti  hoop  AB  grooved 
on  the  exterior  to  admit  several  turns  of  insulatetl  cojjper 
wire  whose  ends  finally  lead  out  through  a  commutator  at  p 
and  n  to  the  galvanometer  G\  by  means  of  a  crank  //,  this 
hoop  can  be  given  motion  round  the  axis  set  in  the  frame 
CZ),  and  the  latter  has  also  motion  round  the  horizontal  axis 
y,  the  degree  of  each  movement  being  indicated  by  pointers 
on  circles  at  E  and  F.  When  set  as  shown  in  the  figure,  with 
the  axis  y  at  right  angles  to  the  magnetic  meridian,  and  the 
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plane  of  the  hoop  perpendicular  to  the  line  of  Dip  T,  the  in- 
strument is  in  position  to  have  rotation  of  the  hoop  produce 
the  maximum  effect;  when  turned  to  have  the  axis  x  coincide 
with  the  line  of  Dip  T,  no  result  can  be  obtained:  the  reason 
is,  in  the  former  case  the  hoop  cuts  directly  across  the  lines 


Fig.  389. 


of  terrestrial  force,  which  action  induces  a  current  in  the  coil 
of  wire,  indicated  by  the  galvanometer;  when  the  axis  x  co- 
incides with  the  line  of  Dip  the  plane  of  the  hoop  is  parallel  in 
all  positions  to  the  lines  of  force,  and  hence  no  result.  In 
the  first  case,  the  current  steadily  grows  from  the  position 
shown  until  the  hooi)  has  turned  90°,  or  is  in  the  vertical 
plane  of  the  magnetic  meridian,  then  it  gradually  falls  oflf  to 
entire  disappearance  at  half  a  circle  rotation,  or  when  the 
branches  A  and  B  have  changed  sides;  the  rotation  contin- 
uing, the  rise  and  fall  of  the  current  will  be  repeated,  but  in  a 
contrary  direction. 

Still  another  instance  will  be  cited  of  currents  induced 
equally  by  a  steel  magnet,  a  solenoid,  and  the  Earth.  Let 
Fig.  330  represent  a  magnet  suspended  by  a  silk  fiber  inside 
a  bell-jar  exhausted  of  air;  it  reposes  in  the  meridian;  if  drawn 
aside  to  an  angle  of  45"  by  the  approach  of  another  magnet, 
and  then  allowed  to  oscillate  under  the  influence  of  the 
Earth's  field  alone,  it  will  make  a  certain  number  of  swings — > 
sa}  400— before  the  amplitude  is  reduced  to  lo^;  but  if  a 
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shallow  copper  vessel  of  little  more  diameter  than  tlie  length 
oi'  the  magnet.  Fig.  331,  he  placed  on  the  glass  plate  of  the 
bell-jar,  so  that  the  mag^net  shall  swing  inside  it,  and  the  for- 


mer deflection  of  45°  be  made,  the  number  of  oscillations  will 
not  be  400,  nor  even  half  that  number,  by  the  time  the  arc 

has  been  reduced  to  10°. 

As  the  magnet  swings,  the  lines  ot  force  of  its  held  are  cut 
by  the  rim  and  htjUom  of  the  copper  vessel,  and  hence  elec- 
tric currents  are  excited  aronnd  the  magnet — counter-cur- 
rents to  its  movement  which  rapidly  diminish  its  amplitude 
and  bring  it  to  rest.  The  intensity  of  the  currents  and  hence 
their  effectiveness  to  damp  the  magnet's  motion  is  dependent 
on  four  things:  the  rapidity  of  oscillation;  proximity  of  the 
magnet  to  the  surrounding  vessel;  the  material  of  which  this 
is  made;  and  the  strength  of  the  magnet  itself.  Considering 
the  susceptibility  of  copper  to  currents  as  100,  the  relative 
susceptibility  of  other  substances  are:  zinc  95,  tin  46,  lead 
25,  antimony  9,  bismuth  2,  and.  glass  o:  therefore  an  oscillating 
needle  for  intensity  cxf>eriments,  where  a  large  number  of  osal- 
lations  arc  desirable,  should  be  H'holly  enclosed  in  a  glass,  ami  not 
in  a  metal,  x'csscl  of  any  kind,  in  order  tJiat  its  uiotioii  uiay  he 
unitnpeded  by  induced  cnrrcnts.  If  the  bell-jar  and  magnet  be 
put  on  a  whirh'ng  table.  Fig.  332;  the  air  exhausted  as  before, 
and  a  copper  (li^c  be  pivoted  under  the  glass  slab  on  which 
the  jar  rests,  with  a  means  of  giving  the  copper  disc  rotation 
as  indicated,  then  when  this  is  done,  the  magnet  will  at  first 
be  deflected,  and  eventually  drawn  round  and  round  by  the 
movement  of  the  disc.  The  magnet  moves  in  a  vacuum 
shielded  from  disturbing  causes  save  the  reflex  action  of  the 
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Fig.  331. 
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currents  induced  in  the  disc  by  its  cutting  the  lines  of  force  of 
the  magnet's  field. 

The  converse  of  the  foregoing  is  also  true:  if,  as  in  Fig. 
333,  a  cube  of  copper  be  rapidly  spinning  under  the  force  of 
a  twisted  string,  it  will  immediately  stop  when  the  current  is 


Fio.  33a. 

turned  on  the  magnet:  the  strong  field  induces  currents  in  the 
structure  of  the  c()i)per  which  arrest  motion. 

In  the  foregoing,  a  solenoid  may  replace  the  steel  magnet 
with  identical  results. 


Fig.  333.  Fig.  334. 

To  produce  them  in  the  field  of  the  Earth  alone  without 
either  magnet  or  solenoid,  a  copper  disc  C\  Fig.  334.  is  so  ar- 
ranged on  a  whirling  tal)le  that  its  axis  X  is  in  the  vertical 
plane  through  the  magnetic  meridan  H\  when  the  axis  A'  co- 
incides with  tlie  line  of  Dip.  the  plane  of  the  disc  in  rotation 
round  X  cuts  straight  across  the  Earth's  lines  of  force  by 
which  currents  are  excited  in  the  disc;  but  if,  while  remaining 
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in  the  same  vertical  plane,  the  axis  X  be  gradually  turned  out 
of  the  line  of  Dip.  the  induced  currents  will  decrease,  and 

finally  cease  when  the  disc  is  rotating  m  the  line  of  Dip,  for 

then  its  motion  is  parallel  to  the  lines  of  force.  The  induced 
currents  are  indicated  by  a  galvanometer  from  which  one 
wire  leads  to  the  axis,  and  the  other  to  the  rim  of  the  disc. 

Since  a  current  in  a  wire  creates  a  field — a  stress  or  whirl 
in  the  surrounding  ether — all  the  foregoing  eUccts  of  cur- 
rents on  each  other  are,  in  reality,  the  mutual  action  of  their 
fields. 

189.  Terrestrial  magnetism.— That  the  Earth  is  a  mag- 
net is  irrefutable,  but  what  kind  of  a  magnet  is  it — ^like  a  steel 
bar,  apparently  composed  of  atomic  magnets;  or  like  a  solen- 
oid, pervaded  by  electric  currents? 

That  there  are  masses  of  magnetic  minerals  spread  with 
more  or  less  density  all  over  the  globe,  is  undeniable;  but  that 
their  greatest  aggregations  should  be  mainly  in  the  polar  re- 
gions, and  that  their  minute  particles  should  group  them- 
selves into  synnnetry  of  direction  to  make  of  the  Kartli  a  ma- 
terial magnet — this  seems  credil)lc  only  as  an  act  of  creation. 
But  such  a  hyj)otliesis  meets  with  facts  not  easily  explicable 
by  it:  the  daily,  yearly,  and  secular  lluctuations  of  terrestrial 
magnetism  would  require  a  corresponding  undulatory  mo- 
tion of  the  crust  of  the  Earth  to  produce  them,  and  these 
should  synchronize  with  the  motions  of  the  Earth  about  the 
Sun  in  order  to  account  for  the  dependence  of  certain  mag- 
netic fluctuations  on  the  relative  position  of  Earth  and  Sun. 

On  the  other  hand,  all  the  experimental  facts  adduced  in 
this  section — the  mutual  action  of  electric  currents;  the  iden- 
tity of  action  of  one  solenoid  upon  another  with  that  of  one 
steel  magnet  upon  another  steel  magnet;  and  of  magnet  and 
solenoid  on  each  other;  and  the  l-".arih  uj>on  all — this  identity 
of  result,  huwe\er  \aried  the  combination  of  current,  solen- 
oid, magnet,  and  Karlii.  ()oini.s  to  the  h'.arth  as  a  solenoid  with 
currents  coursing  round  it  in  a  general  way  from  east  to  west^ 
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And  terrestrial  currents  do  exist;  they  are  phenomena  of 
daily  observation  in  different  parts  of  the  ^lobe;  moreover, 
the  air  is  full  of  electricity:  so  that  in  and  around  the  l^aiui 
there  is  thai  force  that  gives  support  to  tlie  solenoidal  thcorv: 
and  the  fluctuation  of  a  current  to  produce  periodical  varia- 
tions in  its  accompanying-  map^nctic  field  is  a  matter  of  far 
more  easy  acceptance  than  the  heaving  and  swaying  of  a  ma- 
terial magnetic  shell. 

The  Sun  undoubtedly  has  electromagnetic  qualities,  and 
its  absence  or  presence  with  nig^ht  or  day.  and  its  proximity 
or  remoteness  with  season,  would  account  for  the  fluctuations 
coincident  with  its  apparent  motions. 

It  is  customary  to  say  that  currents  result  from  dtanges 
in  the  Earth's  magnetism,  but  this  would  still  be  true  if  that 
magnetism  were  due  to  a  solenoidal  condition,  for  a  change 
in  a  current  begets  another  current. 

The  current  theory  would  account  for  the  magnetic  ores 
found  everywhere,  for  the  currents  would  magnetize  them: 
in  fact,  this  theory  covers  without  rent  or  strain  every  phe- 
nomena of  terrestrial  magnetism. 

But  what  is  the  origin  of  the  currents  themselves?  The 
question  has  been  answered  variously;  but — as  with  the  or- 
igin of  atmospheric  electricity — by  isolated  suggestions, 
rather  than  by  a  comprehensive  theory  based  on  well-ascer- 
tained facts. 

The  principal  of  these  suggestions  are  the  following: 
chemical  source — that  the  elements  composing  the  Earth  with 
the  mineral  waters  percolating  through  them  constitute  a 
huge  electric  battery  yielding  unfailing  currents;  thermal 
source — that  heat  from  within  (the  core)  and  from  without  (the 
Sun)  acts  on  the  metals  and  ores  ahounding  in  the  luirth's 
crust,  causing  contact  currents:  solar  source — that  the  Sun 
itself  is  in  aii  electromagnetic  condiiiun  which  influences  the 
f)()ni<tn  of  the  Karth's  surface  uj)on  which  it  >hincs:  (^rar'itx 
jourcc — that  the  crushing  and  grinding  of  the  shell  of  the 
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Earth  in  its  process  of  perpetual  contraction,  together  with 

the  violent  actions  of  volcanic  eruptions,  create  currents;  at* 
mosphcric  source — that  the  electricity  of  the  air  in  motion  is 
a  modifying  agent,  causing  fluctuations  in  existent  currents 
as  well  as  exciting  others. 

These  are  plausible  explanations;  and  the  sources  stated 
do,  no  doubt,  contribute  to  the  currents  found;  but  there  is  a 
lingering  thought — a  doubt,  in  tlic  mind,  as  to  their  ade- 
quacy, either  individually  or  collectively,  to  produce  the  full 
measure  of  the  effects  observed.  The  theory  seems  to  point 
in  the  right  direction,  but  the  real  sources  of  terrestrial  mag- 
netism have  not  yet  been  satisfactorily  located,  nor  its  true 
nature  determined  beyond  question. 

Section  Two:  Molecular  Theory  of  Magnetism. 

190.  The  characteristic  features  of  a  magnet  exist  in 
its  smallest  particles. —  it  a  siecl  wire  ten  inches  long  he 
placed  within  a  magnetizing  coil,  it  will  come  out  a  magnet; 
if  the  tempering  had  been  such  as  to  render  it  brittle,  it  may 
be  broken  into  ten  parts,  and  each  would  be  as  distinctively  a 
magnet  as  the  original  length;  if  every  one  of  these  be  broken 
into  ten  parts,  we  obtain  magnets  one-tenth  of  an  inch  long, 
and  however  far  the  subdivision  be  carried — even  to  the  fine- 
ness of  pulverization — ^the  characteristic  features  persist  in 
the  minutest  part.  By  an  oscillation  experiment.  Coulomb 
detected  one  part  of  iron  in  132,799  parts  of  silver — ^the  iron 
was  chemically  de^xisitcd  on  a  slight  scratch  of  varnish  coat- 
ing a  silver  wire,  w  liich  then  became  a  magnet  to  the  extent 
of  the  iron  on  it. 

Jf  a  glas.s  tuhe  I)e  tilled  with  the  finest  iron  grannies,  it  will 
not  affect  a  delicately  suspended  magnet;  but  place  the  tube 
)>etween  the  poles  of  a  dynamo  for  a  second,  and  then  ap^ 
proach  it  to  the  needle,  and  it  will  be  found  a  veritable  mag- 
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net;  shake  the  tube  and  its  contents  return  to  the  neutral 
state,  which,  however,  gives  way  again  to  the  magnetic  con- 
dition under  the  inBuence~of  a  suitable  tield;  and  this  aUerna- 
tion  may  be  had  as  often  as  we  please — ^neutraht y  by  mechan- 
ical  movement,  magnetic  condition  through  electrical  force: 
from  this  it  may  be  said  that  the  latter  merely  confers  a  kind 
of  grain  or  fibrous  structure  on  the  mass  which  the  former 
upsets;  but  that  the  magnetic  condition  is  innate  in 'the  gran- 
ules themselves,  which  neither  the  mechanical  effort  destroys 
nor  the  electrical  effort  creates;  and  it  further  shows  that  the 
south  pule  is  the  inseparable  companion  of  lIic  iiorili  pole  in 
every  i)article  of  niai^netic  matter,  ho\vc\  er  small. 

\\\x\  \\\\>  is  all  c\  itknce  of  material  i)ariiclcs  that  may  be 
seen  1)y  the  eye  or  perceived  by  tiie  aid  of  magnifying  glasses: 
there  is  still  a  subdivision  of  matter  that  exists  only  as  a  men- 
tal conception — the  molecule  and  the  atom.  The  eye  of  man 
hath  not  seen  these,  and  yet  there  is  evidence  that  in  them, 
too,  the  magnetic  condition  resides  intact  and  as  distinctive 
as  in  the  ten-inch  steel  wire. 

If  a  gramme  of  pure  distilled  water  be  converted  into 
steam,  the  fine  particles  are  so  many  molecules  of  aqueous 
vapor;  if  these  be  further  heated,  they  break  up  into  atoms  of 
oxygen  and  hydrogen;  but  no  further  subdivision  can  be 
made  by  any  known  process — we  have  arrived  at  (presum- 
a])I\)  the  elementary  substance;  and  stich  also  are  carbon, 
ircin,  mercury,  sulphur,  and  other  elements  forming  the  com- 
pounds of  nature.  If  the  oxy^j^en  and  hydrogen  derivetl  from 
the  gramme  of  water  be  weighed,  lliey  will  not  be  found  eqtiaT 
— the  oxygen  weighs  i6  times  more  than  the  hydrogen. 
Now  it  is  a  law  of  matter  in  the  gaseous  state  that  equal 
volumes  of  the  different  elements  under  the  same  conditions 
of  temperature  and  pressure  contain  the  same  number  of  ulti- 
mate particles  or  atoms;  but  these  equal  volumes  will  not  be 
of  equal  weight:  let  that  of  hydrogen  be  denoted  by  unity; 
then,  compared  with  that,  it  has  been  found  that  carbon  is  12,. 
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iron  56,  tin  116,  mercury  200,  and  so  on;  and  these  are  the 
figures  found  in  every  work  on  chemistry  opposite  the  names 
of  the  elements.  In  the  gaseous  state  and  under  the  hke  con- 
ditions in  which  each  element  is  weighed,  its  mass  is  com- 
posed of  the  same  number  of  ultimate  particles  or  atoms — 
little  bodies  either  differing  in  form,  nature,  and  weight  from 
-element  to  element;  or,  different  numbers  and  groupings  (for 
each  element)  of  a  certain  number  of  one  primordial  cor- 
puscle, which  difference  then  constitutes  the  different  ele- 
ments. In  either  view,  the  relative  numbers  given  above  are 
not  only  the  weights  of  the  volumes  of  the  different  gases, 
but  since  these  volumes  contain  the  same  number  of  atoms, 
they  are  also  the  vchilivc  weights  of  their  atoms — their  specific 
gravity  rclafiic  to  hydrogen,  assitmcd  as  unity;  and  further- 
more, it  is  strictly  according  to  these  weights  or  multiples  of 
them  that  the  elements  combine  to  form  the  myriad  sub- 
stances of  nature.  In  the  last  analysis  and  contemplation  of 
matter,  it  is  these  atoms  and  the  molecules  made  up  of  them 
that  must  be  considered. 

When  a  sheet  of  lead,  a  bronze  cymbal,  or  a  golden 
plaque  gives  out  its  distinctive  sound,  what  is  it  in  each  that 
vibrates?  It  is  the  ultimate  atoms;  and  it  is  these  in  every 
substance  that  the  forces  of  nature  affect:  it  is  these  that 
torsion  twists  out  of  synunetrical  arrangement:  that  heat  sep- 
arates; that  electricity  chari^es;  that  light  illumines;  that 
chemical  action  combines;  and  that  magnetism  attracts  and 
repels. 

To  particularize  some  of  these  effects— t lie  results  of  oft- 
repeated  experiment:  wires  and  carbon  filaments  carrying 
currents  become  brittle — a  disintegration  of  their  molecules. 
An  iron  wire  increases  in  length  when  magnetized — a  sepa> 
ration  of  its  molecules;  and  there  is  even  a  relation  between 
the  elongation  and  strength  of  field,  both  increasing  slowly 
up  to  a  certain  point,  then  the  first  more  rapidly  than  the 
second,  and  finally  a  decrease  of  length  with  still  greater 
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field.  Water  in  a  glass  tube,  made  turbid  by  mixing  pow- 
dered oxide  of  iron  with  it,  will  become  clarified  when  placed 
in  a  strong  magnetic  field — the  molecules  are  turned  into 
alignment  and  light  streams  through  their  ranks.  If  a  steel 
magnet  be  heated,  twisted,  or  struckt  its  power  will  be  less- 
ened— showing  that  the  forces  acting  on  its  molecules  also 
affect  its  magnetic  condition. 

But  it  is  in  torsion  that  we  find  the  most  striking^  illustra- 
tion: now,  twisting  a  substance  is  so  distinctly  a  ileraiige- 
ment  of  its  smallest  particles,  that,  wlicn  produced  Ity  mag- 
netic effort,  it  sliows  that  it  is  u\nm  these  particles  the  eilort 
is  exerted.  The  following  expcrinirnts  are  ciied  in  support 
of  the  illustration.  (Mr.  F.  J.  ISmiili  in  the  Phil.  Mag.,  Vol, 
32.) 

A  magnetizing  coil,  50  cms.  long,  was  prepared  and 
connected  with  a  source  of  electricity.  Rods  of  iron,  50 
cms.  long  and  0.16  cm.  diameter,  were  well  annealed  by 
heating  to  bright  redness  and  then  cooling  slowly:  they  were 
placed,  one  at  a  time,  in  the  coil  In  every  case  the  rod 
hung  vertically,  fixed  at  the  upper  end,  free  to  turn  at  the 
lower,  and  provided  there 'with  a  mirror  for  reflecting  a  milli- 
metre scale  into  a  telescope. 

The  fust  rod  had  no  initial  twist:  wiia  current  on  and  a 
field  of  21  C.G.S. — units,  the  rod  twisted,  the  lower  end  mov- 
injir  clockwise  o.  i  cm.  as  one  looked  down  its  length;  the 
current  was  stopijed  and  the  rod  returned  to  its  normal  con- 
dition. The  rod  was  then  removed  from  the  coil  and  a  very 
delicate  thermometer  put  into  it;  with  the  current  turned  on 
again,  and  the  same  field,  there  was  no  change  of  temper- 
ature from  the  first  instance,  showing  that  it  was  magnetic 
effort  and  not  heat  that  produced  the  effect. 

A  second  rod  was  fixed  by  one  end,  and  the  other  end 
mechanically  twisted  eight  times  completely  round;  when  re- 
leased, it  untwisted  one  turn,  leaving  a  permanent  set  of 
seven  circles  in  its  fiber.  As  with  the  first  rod,  this  was  now 
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placed  in  the  coil  and  ihe  current  turned  on,  giving  a  field  of 
21  C.G.S.  units:  instantly,  the  lower  end  turned  five  scale-di- 
visions in  the  direction  of  its  mechanical  torsion.  Next,  the 
current  was  repeatedly  turned  on  and  off :  with  each  *'  rtiake  '* 
a  twist  of  five  scale-divisions  resulted  as  before,  and  with 
each  **  break,"  a  return  therefrom.  Next,  the  effect  of  a 
gradually  increasing  field  was  tried:  this  began  at  19  C.G.S. 
units  and  produced  a  twist,  additional  to  the  permanent  me- 
chanical torsion,  of  3  scale-divisions;  with  a  field  of  47  units, 
there  were  6  scale-divisions  of  twist;  with  86  units,  9  divi- 
sions;  with  95  units,  10  divisions;  and  no  further  twist  re- 
sulted, although  the  field  was  run  up  to  190  units. 

The  relation  between  different  permanent  twists  of  various 
rods  and  a  lonstiuit  field  was  next  determined  with  resulis  as 
follows:  With  one  turn  in  a  rod,  it  twisted  in  the  constant 
iield  3  scale-divisions  more;  with  two  turns  in  a  rod,  5  scale- 
divisions;  3  turns,  6  divisions:  4  turns.  7  divisions;  5  turns,  8 
divisions;  10  tums,  10  divisions;  and  this  was  the  maximum. 
After  magnetization,  when  the  current  stopped,  the  rods 
partly  untwisted. 

Nickel  twisted  similarly  to  iron  and  steel  rods;  but  rods 
of  non-magnetic  metal— copper,  platinum,  lead,  silver,  zinc, 
cadmium,  bronze,  and  bismuth — were  all  subjected  to  the 
same  treatment  as  the  iron  rods,  but  no  rotation  of  any  kind 
could  be  seen. 

In  all  the  preceding,  it  was  magnetic  force  that  produced 
visible  torsion  of  the  rod:  the  converse  is  also  true — ^that  me- 
chanical torsion  of  the  rod  gives  rise  to  an  electric  current 

with  its  conconniaut  nia.L,Mietic  field.  The  following  experi- 
ment establishes  the  fact.  In  Fig.  335,  the  iron  rod  AB,  50 
cms.  long  and  0.4  cm.  diameter,  is  held  by  one  end  in  the 
vice  J  ',  it  has  a  permanent  torsion;  B  is  a  source  of  electric- 
ity, the  wires  yy'  and  rod  forming  the  circuit  for  the  current; 
xx^  is  a  wire  coiled  round  the  rod,  with  a  galvanometer  at  G. 
While  the  current  was  flowing,  a  mechanical  couple  PQ  was 
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applied  and  turned  10°  in  the  direction  of  the  permanent 
twist  of  the  rod:  instantly,  a  deflection  of  400  scale-di visions 
of  the  galvanometer  showed  that  this  torsion  changed  the 
magnetic  condition  of  the  rod  (it  being  under  the  influence 
of  the  source  B),  so  that  a  current  was  thereby  induced  in  the 


wire  jr^;  this  transient  current  was  reversed  by  reversing  the 
direction  of  the  couple  PQ, 

Long  ago,  experiment  showed  that  an  iron  rod  within  a 
solenoid,  through  which  an  interrupted  current  passed, 
would  give  out  a  musical  note— due  to  minute  lengthening 
and  shortening  of  the  rod,  which,  however,  was  not  under 
torsion. 

In  one  of  the  preceding  cases,  when  the  current  which 
tra\  ersed  the  long  solenoid  was  interrupted  hv  a  tuning- 
fork  driven  electrically,  an  iron  wire  subject  to  torsiona!  set, 
within  tiie  solenoid,  gave  out  a  loud  musical  note — due  to 
torsional  vibration,  and  that  so  great  that  when  a  light 
pointer  was  fixed  to  the  free  end  of  the  twisted  rod,  a  record 
of  its  vibrations  was  produced  on  the  moving  smoked  g^lass 
surface  of  a  chronograph:  no  difHculty  was  found  in  obtain- 
ing a  clear-cut  record  of  one  thousand  vibrations  per  second. 

191.  Magnets  aie  composed  of  small  magnetized  par- 
ticles.—This  is  a  theory  of  remote  origin  which  has  come 
down  with  varying  features  as  one  physicist  or  another  has 
left  his  impress  upon  it:  quite  recently  it  has  received  experi- 
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mental  illustration  from  Prof.  J.wiiig.  What  the  nature  of 
magnetism  exactly  is,  forms  no  part  of  the  theory:  the  fact 
is  taken  as  a  startinc:|^-p()int  that  c\'er)-  niaj^netic  snbstance  is 
composed  of  intinitely  small  particles,  each  ever  and  always 
a  magnet  in  itself;  that  the  indiscriminate  mhigling  of  these 
particles  in  any  mass  so  confuses  their  fields  that  there  is  no 
resultant  effect — ^no  magnet— only  a  neutral  state;  whereas, 
when  they  are  wheeled  into  line  wholly  or  in  part,  we  have 
a  magnet  of  corresponding  strength. 

In  any  process  of  magnetization  certain  phases  are  ob- 
served in  the  metal  under  experiment:  at  first  the  magnetic 
condition  is  acquired  slowly,  then  rapidly,  and  at  last  tends 
toward  a  limit  which  cannot  be  surpassed,  however  p^reat  the 
inducing  power:  shock,  twist,  ami  tension  assist  the  process; 
and  withdrawal  of  the  inducing  power  leaves  a  residue  of 
magnetism  in  the  substance.  To  illustrate' these  phases  and 
the  theory  of  atomic  magnets,  a  multilutie  of  small  magnets 
were  prepared  and  variously  grouped,  and  their  beliavior 
watched  when  under  each  other's  influence  alone,  and  also 
when  controlled  by  a  magnetic  field. 

Fig.  336  represents  one  of  these  magnets — a  piece  of  steel 


Fig.  336. 


wire  two  inches  long,  one-tenth  inch  thick,  bent  at  both  ends 
to  lower  the  center  of  gravity,  and  pivoted  on  a  sewing- 
needle  stuck  into  a  little  leaden  base;  the  pole  strength  is 
sufficient  to  constitute  the  controlling  force  when  two  or 
more  are  near  each  other,  thus  masking  the  directive  power 
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of  the  Earth;  they  swing  freely  in  the  horizontal  plane — 
representation  but  in  part  of  the  atomic  magnets  of  a  mass, 
which  are  free  to  move  in  any  direction. 

A  large  number  of  these  magnets  are  set  on  a  board  iu 
rows — ^by  two*s,  in  groups  of  three,  of  four,  and  more — their 
pedestals  forming  regular  figures,  but  the  magnets  them- 
^Ives  assuming  a  variety  of  configurations:  two  alone  set  as 
in  Fig.  337;  a  line  of  magnets  generally  forms  as  in  Fig.  338, 


Fig.  337.  ^'c*  33*' 

but  again  unaccountably  becomes  broken  in  sections,  as  Fig. 
339;  a  group  of  tour  may  take  any  one  of  the  forms  of  Fig. 


Fig.  339. 

340  and  a  group  of  seven  any  one  of  the  forms  of  Fig.  341 ; 
imd  all  this  variety  of  voluntary  configuration  is  lield  in  partial 

\  I    M  — 

t  \    \  I     —  — - 

Fto.  340. 

^tabiHty  solely  hy  tJic  rcciproctil  (^olc  influence  of  the  magnets 
ihcnuek'cs  composing  any  group.    What  a  lielter-skelter  ming- 

/  /       \  \   

\  /  /    \  \\    \^/  \-/ 
\/       \\       \/  \/ 

Fig.  341. 

ling  the  atomic  magnets  of  any  mass  of  iron  must  form,  since 
they  are  free  to  turn  in  any  way!  These  various  groupings 
produce  no  external  magnetic  effect,  because  they  form 
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closed  circuits,  as  it  were,  thus  accounting  naturally  for  the 
neutral  state. 

Now,  with  a  multitude  of  tlicse  little  magnets  set  in  rej:^- 
ular  lines  on  a  board,  and  the  magnets  themselves  forming 
any  configuration  that  their  mutual  polar  inHuence  impels 
them  to.  let  a  magnetic  flux  sweep  through  them,  and  ob- 
serve the  effect:  this  is  best  accomplished  by  sliding  the 
board  into  an  open  rectangular  frame  wound  loosely  with 
wire,  so  that  the  magnets  may  be  seen  through  the  turns, 
and  sending  a  current  through  the  solenoid  thus  formed.  At 
the  first  surge  of  the  magnetic  flood,  a  few  of  the  little  mag- 
nets swing  into  its  direction  and  the  assembled  multitude 
begins  to  have  an  exterior  field — the  nascent  magnet  has  had 
its  birth;  a  stronger  current,  and  more  of  the  little  magnets 
turn  itito  line — the  magnet  grows  and  its  field  acquires  ex- 
panse and  strength;  still  stronger  current,  and  eventually 
every  one  of  the  group  for.sakes  the  influence  of  its  neigh- 
bor and  becomes  dominated  by  the  inducing  force;  further 


increase  of  this  can  do  no  more — the  large  magnet  composed 
of  small  ones  has  attained  its  full  power. 

These  several  stages  may  l)e  illustrated  by  Figs.  342,  343, 
and  344:  in  Fig.  342  we  have  the  neutral  state  which  gives 


Fig.  343* 


Fig.  343. 


Fig.  344. 
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way,  first  slowly  and  then  rapidly,  to  the  magnetic  condition 
of  Fig.  343,  where  all  the  little  ma<;nets  form  columns,  but 
still  with  a  vestige  of  each  other's  polar  influence  keeping 
them  out  of  line  with  the  iiKhicinj;-  i)owcr,  //;  this,  liowcvcr, 
filially  controls,  and  the  limit  of  possil)le  maj^netizaiion  is 
reached  in  Fie^.  344.  where  every  little  magnet  is  parallel  to 
the  direction  H  of  the  inducing  field. 

From  the  avidity  with  which  the  south  pole  of  one  little 
magnet  will  seek  the  north  pole  of  another,  or  from  the  va- 
ried configurations  that  a  group  of  them  will  assimie — en- 
tirely oblivious  of  the  zveaker  directing  force  of  the  Earth — ^it  is 
evident  that  this  mutual  magnetic  affinity  of  the  particles, 
when  very  strong,  as  it  well  may  be  in  iron  and  steel,  consti- 
tutes a  sufficient  force  to  account  for  the  resistance  of  those 


INDUCING  HELD 
FiC.  345- 


metals  to  iiistaufly  taking  on  the  magnetic  condition:  as  ex- 
periciicccl  in  practice,  it  takes  time  to  sever  tliese  natural 
liomN.  and  cause  the  agglomerate  mass  to  exhibit  one  dis- 
tinctive outward  aspect. 

The  increase  of  the  inducing  field  and  gradual  conformity 
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of  the  little  magnets  to  its  direction — that  is»  the  correspond- 
ing growth  of  inducing  and  induced  magnetism  may  be  illus- 
trated by  Fig.  345:  in  this,  values  of  the  former  are  repre- 
sented on  the  horizontal  line,  and  of  the  latter  on  the  vertical; 

the  resiiltin|Tf  curve  grows  uniformly  from  the  origin  0  to 
the  point  ./;  tlicn  between  A  and  U  there  is  a  large  increase 
in  the  iiKhiced  niai^iietisni  fur  a  small  increase  of  field;  while 
from  B  onward  tlie  iiuhiccd  magnetism  grows  very  slightly 
with  large  increase  01  I'leld.  The  curve  clearly  tends  toward, 
a  horizontal  line — a  limit  of  magnetization — saturation  of  the 
mass. 

If  at  the  inducing  field  had  been  suppressed,  the  few 
small  magnets  that  had  swung  into  line  and  had  created  a 
weak  exterior  field,  would  return  to  their  original  position — 
the  Beld  would  vanish — and  there  would  be  no  residual  mag- 
netism. 

On  the  other  hand,  if  the  inducing  force  had  been  sup- 
pressed  only  at  the  point  5,  there  would  be  considerable 

residual  magnetism:  more  than  this,  so  set  are  many  of  the 
little  magnets  in  the  constrained  ])osition  thai  the  inducing" 
field  had  put  them,  that  they  do  not  return  to  the  same  con- 
dition at  corres})( )nding  opposite  values  nf  inducing  field, 
but  at  all  stages  tliere  is  residual  magnetism — a  cycle  of  field 
produces  what  is  called  hysteresis. 

Jarring  the  board  upon  which  they  are  set,  will  evidently 
help  to  shake  the  little  magnets  free  from  their  mutual  thrall 
and  give  the  inducing  6eld  better  effect  to  turn  more  of  them,, 
and  more  readily. 

And  all  this  varied  action  of  an  inducing  field  upon  a 
group  of  little  magnets  is  what  is  experienced  in  the  actual 
magnetization  of  a  mass  of  iron  by  any  process. 

192.  The  magnetic  condition  due  to  electric  currents. 
— Through  the  labors  of  eminent  physicists  it  has  been 
proved  that  many  substances  in  nature  are  endowed  with 
magnetism;  and  that  iron,  nickel,  and  col>alt  are  distinctively 
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SO,  only  because  they  so  far  transcend  other  elements  in  thi& 
respect  as  to  remove  these  completely  from  view.  A  parallel 
case  is  found  in  electrical  conduction:  there  are  few  sub* 
stances  that  give  free  transit  to  electricity,  as  there  are  also 
few  that  greatly  obstruct  it;  it  is  only  that  some  hinder  so 
litiltr.  and  otluTs  so  imich,  that  they  have  been  classified  as 
conductors  and  insulators. 

In  chemical  i)roccsscs.  ii  is  (>p[)osiies  that  rush  into  each 
other's  embrace.  an<l  \vc  must  conceive  that  it  is  their  ulti- 
mate particles — the  atoms — that  thus  combine:  the  action  is 
akin  to  magnetic  and  electric  attraction. 

And  again:  when  a  solution  of  any  kind — ^sulphur,  salt, 
or  nitre — cr\*stallrzes,  it  is  its  atoms  that  join  end  to  end 
(like  the  iron  filings  in  a  magnetic  field)  to  form  the  beauti- 
ful tracery  characteristic  of  each  substance. 

Thus,,  duality  of  condition,  somewhat  like  the  poles  of  a 
magnet,  is  a  feature  that  runs  through  all  matter;  and  in* 
deed  its  varied  manifestations  may  be  but  so  many  phases  of 
one — the  electromagnetic  condition. 

In  a  previous  part  of  this  Treatise,  it  was  shown  that,  for 
results  produced  and  field  around  ilu'm.  a  ihin  steel  disc  mag- 
net and  a  circular  wire  carryini;  a  cnrreTit  are  absolutely 
identical:  let  the  disc  and  wire  shrink  to  molecular  size,  and 
we  have  two  views  of  the  ultimate  condition  of  inaLniciisni 
— the  magnetized  particle  and  the  electric  current;  both 
equally  produce  observed  results.  The  magnetized  particle 
has  been  represented  as  due  to  the  separation  of  two  fluids 
of  opposite  nature,  whose  recombination  produces  the  neu- 
tral  or  non-magnetic  state;  but  this  is  merely  a  material  aid 
to  a  mental  conception — ^the  question  still  remains,  what  are 
the  two  fluids?  and  this  question  persists,  however  the  idea 
of  a  magnetized  atom  be  varied.  But  pursue  the  electric 
current  to  its  last  resort,  and  a  plausible  explanation  is  af- 
forded. 

In  electrolysis,  the  liquid  in  the  cell  is  broken  up  into 
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constituents,  called  tons;  these  may  be  single,  double,  triple, 
or  otherwise  multiple  in  their  nature  as  regards  their  equiva- 
lence to  certain  other  elements;  but  as  regards  the  products 
of  disruption  of  the  electrolyte,  they  are  always  single — ions 
— entities  of  matter  that  seek  the  poles  of  the  battery,  one 
kind  the  anode,  the  other  the  cathode,  and  there  deliver  up 
the  charge  of  electricity  with  which  they  are  burdened,  the 
one  negative,  the  other  positive. 

Now  every  single  ion,  or  monad,  of  whatever  substance — 
hydrogen,  silver,  ur  chlorine — has  a  definite  charge  or  quan- 
tity of  electricity;  every  double  ion,  or  dyad — as  oxygen, 
zinc,  or  c()])pcr — has  double  that  charge:  every  triple  ion,  or 
triad,  has  three  times  that  charge;  and  so  the  (juantity  in- 
cre.iscs  l)y  successive  m^^iltiples  of  the  monad  charge  as  we 
rise  through  the  complex  nature  of  the  iofts  of  different  sub-  . 
stances. 

In  view  of  what  precedes  regarding  the  universality  of  the 
oppositely  dual  condition  of  the  particles  of  matter,  it  can 
hardly  be  thought  that  the  charge  is  an  adventitious  result  of 
some  action  in  the  cell — ^more  likely  it  is  an  inherent  attribute 
of  matter  itself  in  all  its  states — solid,  liquid,  and  gaseous — 
and  becomes  nftanifest  only  in  dissociation  of  the  ions;  and 
when  it  is  satd  that  these  deliver  up  their  charge,  it  may  be  that 
each  /V)/;  only  excites  in  the  electrode  a  charge  or  pulse  equal 
to  its  own.  Consider,  then,  the  charge  a  specific  quantity  on 
each  atom,  and  let  the  atoms  in  all  slaicb  of  matter  have  a 
whirling  motion  on  their  axes,  or  an  orbital  movement,  or 
both  combined,  like  tlie  Earth  rotating  u|K)n  its  axis  while 
revolving  round  the  Sun,  this  cond)ined  motion  differing, 
like  the  charge,  from  ion  to  ion:  then  this  whirling- revolving- 
charged-atom  presents  the  essential  features  and  effects  of  an 
electric  current  circulating  round  the  boundary  of  the  atom, 
and  may  explain  the  difference  of  magnetic  condition  in  the 
myriad  forms  of  matter;  for  instance,  a  heavy  charge  with 
rapid  motion  would  explain  the  highly  magnetic  state  of  one. 
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while  a  light  cliarge  with  slow  movement  the  low  magnetic 
condition  of  aiiollier. 

These  molecular  circuits  would  behave  in  any  grouping 
that  may  be  made  of  them  exactly  like  the  little  steel  mag- 
nets previously  described:  if  a  congeries  of  them  constitute 
a  steel  bar,  its  neutral  state  is  due  to  the  iivli  criminate  mix- 
ture of  their  axes,  while  the  magnetic  condition  of  more  or 
less  intensity  results  from  a  magnetic  flux  turning  these  axes 
in  varying  number  parallel  to  the  axis  of  the  bar. 

Consider  the  steel  rod  M»  Fig.  346:  it  has  been  magnet- 
ized to  the  full,  that  is,  all  the  little  circuits  have  been  wheeled 
into  planes  perpendicular  to  the  axis  of  the  rod;  looked  at 
from  the  south,  the  currents  proceed  like  the  hands  of  a 
watch— looked  at  from  the  north,  they  proceed  in  an  oppo- 
site direction,  as  in  Fig.  347.  though  both,  in  reality,  are  but 
different  views  of  the  same  thing. 


Fig.  349. 


Take  contiguous  parts  of  any  two  interior  circuits,  and 
it  will  he  seen  that  ihey  tlow  in  opposite  directions  and  there- 
fore neutralize  each  other;  it  is  only  on  the  outer  surface  that 
no  counteracting  current  exists,  and  here  the  portions  pre- 
sent the  aspect  and  effect  of  continuous  currents  flowing 
round  the  rod,  as  in  Figs.  348  and  349,  according  to  the  point 
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of  view;  and  the  smaller  the  little  circuits,  the  closer  the  ap- 
proach to  continuous  currents  on  the  outer  surface;  and 
when  molecular,  as  in  the  hypothesis,  the  condition  is  closest 
to  the  semblance. 

However  much  such  a  magnet  be  subdivided,  it  is  evident 
that  the  smallest  part — even  the  atom — ^will  still  present  the 
features  of  a  iri<igiiet. 

Ampere's  theory  is,  that  the  mag^netic  condition  la  due 
to  currents  of  electricity  circulating  round  the  atoms  of  mat- 
ter, ntu!  surely,  it  is  more  rational  than  the  theory  of  magnet- 
ized particles;  indeed  it  may  he  said  to  comprehend  this,  and 
besides,  accounts  for  the  ultimate  condition  of  magnetism. 

Section  Three :  InvertigiLtion  of  TerrestriHl  Magnedstn  hj 

Heaas  of  Its  Potential* 

193.  Value  of  this  pmedure — ^The  analytical  treat* 
ment  of  this  subject  aims  to  formulate  its  principles  so  that 
we  can  pass  from  what  is  immediately  under  view — back- 
ward, through  what  has  occurred — forward,  to  wdiat  may 
liappcn.  and  he  contident  in  both  cases  that  we  are  treading 
the  great  highways  of  the  phenomenon. 

riuis.  hy  computation  upon  given  facts,  w  e  can  till  in  tliose 
desert  i)laces  that  (through  want  of  observations)  are  devoid 
of  reliable  information  regarding  the  magnetic  elements. 
The  theory  presented  in  this  section,  and  whose  basic  prin- 
ciples were  first  announced  by  Gauss,  is  of  this  nature:  it  es- 
tablishes certain  relations  between  the  components  of  mag- 
netic force  which  are  true  in  general,  and  then  expresses 
these  components  by  formulae  whose  solution  depends  upon 
observations.  To  test  the  accuracy  of  the  formulae,  Gauss 
calculated  the  Variation,  Dip,  and  Intensity  for  ninety-one 
places  scattered  over  the  globe  from  latitude  So**  N.  to  54°  S. 
and  in  divers  longitudes;  upon  comparison  of  the  results  wuh 
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the  observed  values,  it  was  ioiincl  that  the  agreement  war- 
ranted the  greatest  confiflcnce  in  the  method:  in  the  Varia- 
tion, the  differences  seldom  reached  i**  in  middle  latitudes, 
while  in  high  latitudes  (where  ships  seldom  go)  they  attained 
only  as  much  as  5^  in  a  very  few  cases. 

Even  these  discrepancies  can  be  greatly  reduced  by  a 
more  rigorous  application  of  the  method,  so  that  it  holds  out 
the  best  hope  of  laying  down  with  accuracy  the  lines  of 
Variation,  Dip,  and  Intensity  that  exhibit  the  magnetic  con- 
dition of  the  Earth,  without  actually  visiting  its  every  region; 
and  even  if  observations  were  made  at  a  sufficiently  large 
number  of  places  to  depict  the  magnetic  curves  from  them 
alone,  it  is  doubtful  if  the  errors  of  all  kinds  eni< nn^r  into 
such  observations  would  permit  a  nuich  closer  aj^proach  to 
the  true  state  of  terrestrial  magnetism  than  would  be  af- 
fortlcd  by  Gauss*  melluxl  of  calculation,  based  on  a  snialicr 
number  of  extremely  accurate  observations  in  highly  favored 
localities. 

194.  The  Potential. — The  cjuality  of  magnetism  upon 
which  Gauss'  theory  is  based,  is  its  power  to  do  work — its 
energy — ^its  Potential — ^an  attribute  that  runs  equally 
through  many  natural  phenomena,  and  to  which  the  same 
mathematical  treatment  is  applicable.  It  is  like  Pressure 
in  Hydrostatics,  Temperature  in  Heat,  Attraction  in  Gravity, 
and  Repulsion  in  Electricity:  all  these  tend  to  motion — to  do 
work. 

rotcnlial  will  be  explained  in  an  elementary  way  by 
means  of  electricity,  as  it  affords  the  most  striking  illustra- 
tion. C'onsifler  Fig.  350:  A  is  an  insulatetl  metal  ball  cliarged 
with  a  (|iiantity.  c,  of  electricity:  B  is  another,  charged  with 
one  unit  of  the  same  kind  of  electricity:  around  each  is  a  field 
— a  stressed  electrostatic  atmosphere,  dense  near  the  balls 
but  rarer  and  more  thin  as  we  recede  from  them,  until  even- 
tually a  limit  of  inappreciable  effect  is  reached.  Let  T  be 
such  a  point  for  both,  B  having  been  brought  up  from  a  great 
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distance;  closer  approach  of  B  toward  as  at  C  and  A  will 
bring  both  fields  into  conflict,  with  consequent  repulsion,  and 
this  must  be  overcome  by  an  effort — ^work  must  be  done,  the 
amount  of  which  increases  as  the  distance  between  the  balls 


I 


lessens:  at  every  point,  however,  it  is  a  definite  quantity  com- 
posed of  two  factors,  ilie  repulsive  force.  /*".  l)et\veen  tlie 
•cliarj^es  and  tlie  distance  over  which  the  movable  ball  B 
has  been  carried.  Let  V  represent  this  work:  it  is  also  the 
power  to  do  work — the  i'otential;  for  if  the  ball,  when  at 
be  released  from  the  hand,  the  work  done  and  stored  up 
■as  Potential  becomes  active  and  forces  the  ball  back  to  the 
position  B,  If  s  is  the  distance  from  center  to  center  of  the 
balls,  then  the  work,  done  in  carrying  B  along 'any  por- 
tion  CD  of  the  line,  will  be  equal  to  the  difference  oC  Potential 
at  the  two  points,  that  is, 

W^^^n-^c^F^CD:  .    ...  (I) 

or,  generally,  considering  differential  quantities,  dV  =  F .  ds^ 

or  Y=iJ*F.ds,  (2) 

the  integration  covering  the  length  of  the  line. 

Magnetic  Potential  is  exactly  like  electric;  and  if  one  pole 
could  be  separated  from  its  congener  in  any  mass  of  steel,  as 
a  ball  is  charged  with  one  kind  of  electricity,  the  preceding 
explanation  would  be  directly  applicable  to  Magnetic  Poten- 
tial:  it  becomes  so  at  any  rate  by  treating  the  other  pole  with 
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opposite  sign,  just  as  sliould  have  to  be  done  with  a  charge 
of  cleclricitv  of  the  other  kind. 

And  magnetic  work  in  no  wise  ditiers  from  electric — 
l)oth,  like  the  work  done  by  a  falling  body,  l^eing  expressed 
by  the  prochict  of  two  factors,  a  force  and  the  distance 
through  which  it  acts,  as  in  equation  (2). 

Around  each  ball  in  Fig.  350  is  a  series  of  circles  drawn 
arbitrarily — ^they  are  sections  by  the  plane  of  the  paper  of  a 
nest  of  concentric  shells:  the  surface  of  each  shell  being  the 
same  distance  from  the  center,  its  potential  has  a  uniform 
value,  and  tlie  whole  series  is  called  equipotential  surfaces;  of 
course  they  may  be  few  or  many,  according  as  we  wish  to 
stride  through  the  potential  or  pass  over  it  l)y  imperce[)iible 
gradation.  Lines  j)erpe!Klicn]ar  to  these  surfaces — in  this 
ease,  ratlii  from  the  center>  of  the  halls- — are  cahed  hues  of 
force,  and  it  is  along  such  lines  that  eicctromai^netic  bodies 
move  when  work  is  done:  as  work  is  equivalent  to  difference 
of  Potential,  therefore,  no  work  is  done  when  an  electromag- 
netic body  moves  on  an  equipotential  surface,  and  also  it  may 
pass  by  any  route  between  two  points  of  different  potential 
and  the  work  done  will  be  the  same  in  all  cases. 

Whatever  Terrestrial  Magnetism  be  due  to — ^whether  lit- 
tle magnetized  particles  or  molecular  currents — ^the  field 
produced  is  the  same:  a  region  of  force  and  potential,  which, 
if  visible  like  a  hazy  atmosphere,  w  ould  appear  dense  in  polar 
regions  and  thin  in  equatorial  zones,  and  therefore  of  variable 
value  from  point  to  point  Ixjih  (»f  the  Earth  and  the  space 
about  it.  This  field,  like  the  ring-growth  of  tree:-,  inav  he 
laminated  into  equipotential  surfaces — not  the  svnnnetrical 
shells  of  a  uniformly  chars^ed  ball,  but  warped  surfaces,  typi- 
cal of  the  irregular  distribution  and  intensity  of  terrestrial 
magnetism,  and  which  hence  have  no  necessary  conformity 
to  the  surface  of  the  Earth,  but  cut  it  irregularly:  where  this 
is  the  case,  we  have  magnetic  parallels  encircling  each  pole  in 
ever-widening  contours  until  both  systems  meet  in  a  line  of 
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nul-potential — ^near  the  magnetic  equator.  Everywhere, 
perpendicular  to  these,  are  the  magnetic  meridians  converg- 
ing toward  their  respective  poles.  Fig.  351  illustrates  the 
formation  of  magnetic  parallels:  the  lower  part  is  a  vertical 
section  through  the  Earth  and  its  equipotential  surfaces  by 
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the  plane  of  the  paper — EE  being  an  outline  of  the  Earth, 
and  V|V,  .  .  .  outlines  of  equipotential  surfaces;  above, 
at  A  BCD,  are  the  closed  curves  on  the  surface  of  the  Earth 
formed  by  the  equipotential  surfaces  intersecting  the  surface 
of  the  Earth,  just  as  the  contour  lines  of  rising  ground  result 
from  a  series  of  cutting  planes  at  different  levels.  The  figure 
represents  two  possible  foci  of  unequal  strength  and  same 
name,  P  and  P*. 

195.  The  potential  a  function  of  coordinates. — ^Since 
the  intensity  of  the  magfnetic  field  varies  from  point  to  point, 
iL  IS  evident  that  this  variabilitv  dej)cii(ls  upon  the  distance  of 
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whatever  point  is  considered,  from  some  origin.  This  dis- 
tance may  l>e  represented  in  two  ways — by  a  direct  line,  or  by 
its  components:  consider  a  view  of  the  northern  hemisphere 
in  Fig.  352;  M  and  N  are  the  magnetic  and  geographical 


Fig.  3S9. 


poles  respectively;  OP,  drawn  in  a  definite  direction,  is  the 
direct  distance  from  O  to  P,  but  this  point  is  equally  well  de- 
fined by  drawing  the  rectangular  components  of  OP,  that  is, 
OK,  KH^  and  HP  parallel  to  the  rectangular  axes  OE,  OT, 

and  ON;  or  again,  if  iVCTO  and  NLO  are  great  circles  perpen- 
dicular to  the  plane  of  the  terrestrial  equator  OCiL,  tiicn  P 
becomes  definitely  known  by  its  latitude  LI\  and  longitude 
CL  from  some  pn'nie  meridian.  Similarly,  the  points  P^Pi 
,  .  .  P„  may  be  located,  each  involving  a  change  in  one  or  all 
of  the  coordinates  to  transfer  it  to  a  new  spot  either  in  the 
Earth,  on  its  surface,  or  amidst  outer  space,  where  the  Po- 
tential has  a  particular  value — different  from  other  places — 
and  thus  with  every  remove,  even  the  smallest,  the  Potential, 
varying  with  the  coordinates,  becomes  a  function  of  them. 
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196.  TJu  fundamental  equations  of  the  theory  In 

Fig.  352,  consider  a  differential  portion  of  the  Earth's  held 
bounded  by  the  magnetic  meridians  C  and  D  and  the  mag- 
netic parallels  A  and  B  (this  differential  area  is  of  course 
greatly  enlarged  for  the  sake  of  clearness):  at  the  point  P  on 
a  spherical  shell  of  radius  r,  establish  the  rectangular  axes 
X,  K,  Z — ^the  last  pointing  toward  the  observer's  zenith,  and 
the  first  and  second  toward  the  L^^eo^raphical  north  and  west 
respectively;  A'  heinj^  taiii^eut  to  the  true  nicriilian  at  the 
angle  QPW  fcjinied  h)  it  and  the  mai^ni-tic  meridian  PIV  is 
the  Variation — <lenote  it  by  I',  and  H  P  by  s.  Since  A  and 
B  are  parallels  of  different  jiotential  and  Jl'P  a  perpendicular 
to  both,  the  work  done  iu  passing  from  IV  to  F  is 

V,- V^  =  /^.^^=  -dV  (3> 

the  minus  sign  indicating  that  the  potential  decreases  from 
WtoP, 
From  (3), 

dV 

^=-,/.  M 

and  thns  the  magnetic  force,  F,  at  any  point,  P,  is  equal  to  the 
differential  of  the  potential.  dV,  at  that  point  divided  by  the 
differential  of  the  normal,  ds,  to  the  magnetic  parallel  at  the 
same  point.  To  resolve  this  force  in  the  direction  of  X,  is  to< 
multiply  it  by  the  cosine  of  the  included  angle  V,  that  is, 

dV 

X  =    .  cos  K  =  —      .  cos  K;  •    .    •  (5) 

•  but  from  the  differential  triangle  WPQ, 


cosK=-/-  =  ^  (6) 

PQ      ^x  ^  ^ 


whence  substituting  in  (5), 

d 

ds*  dx  dx* 


 *     —  *   •   •   •  \7r 
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and  in  like  manner  the  force  F  may  be  resolved  in  the  direc- 
tion of  Y  and  Z  \  whence, 

,  _  dV 
^  —  —      *    ••••••  (7) 

In  order  to  pass  from  rectangular  coordinates  to  geograph- 
ical latitude  and  longitude,  let  NOF  =^  d  =  co-latitude  of  F; 
GOL  =  0  =  its  longitude  from  Greenwich;  and  r'=  OP: 
then  the  equivalent  differential  expressions  in  both  systems 
of  coordinates  are« 

dx  ^  —  r .   (lo) 

djf  ^  r  ,  sin  ff ,  dip;  ,  .  .  ,  (i i) 
ds  ^  dr  (i2) 

Substituting  these  in  (7),  (8;,  and  (9),  they  become: 

„_    dy_  dv 

"  dx  r'  d0' 

v_  ^  1  dV 

-       /(y  "  "  r  .  sin  0'  di/,''    •  * 
^  dV  dV 

These  three  equations  express  the  Magnetic  Force  at  any 

point  in,  upon,  or  outside,  the  I-'arih,  by  tlirce  components: 
one,  X,  directed  luuard  tlie  efcot^raijhical  north;  anollier,  V, 
toward  the  geographical  west;  and  the  third.  Z.  toward  the 
zenith  of  the  point — and  all  in  terms  of  latitiule.  longitude, 
the  radius  of  the  spherical  shell  upon  which  the  i)oint  is  lo- 
cated, and  the  differential  of  the  Potential  at  that  point;  this 
becomes  restricted  to  the  surface  of  the  Earth  by  making  r 
equal  to  its  radius. 
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From  the  components  X,  K,  Z,  the  Magnetic  Elements— 
the  Variation,  Dip,  and  Intensity — are  obtained  as  follows: 
referring-  to  Fig.  352,  denote  the  \^ariation  U^PS  by  Dip 
WPI  by  Z>,  Total  Intensity  Fl  by  T,  the  horizontal  compo- 
nent WP  by  and  the  vertical  component  PJ  or  its  equal 
WI  by  Z;  the  plane  XPY  is  tangent  to  the  surface  of  the 
Earth  at  P — hence  a  horizontal  plane;  WP  being  an  element 
or  differential  of  the  magnetic  meridian  in  this  plane,  let  PS 
equal  the  component  X  and  WS  (a  perpendicular  from  the 
point  W  to  the  line  PS)  ihc  cumponeni  1';  then 

Wf'^Ts^+Ws^,  (16) 

^'  =    +  K«  (17) 

or,   

H^VX^  4-   (18) 

And 

Pi^  =  WP*  +  WP,     ....  (19) 

or, 

T*  =  x*'^     +  z\    .  .  ;  (20) 

or,   

T=V~X*-i'  y^-^ZK   .    .    .  (21) 

tan  WPS  =   (22) 

or, 

Y 

tan        jpr  (23) 


Un  fT/Y  =   (24) 

I  VP  ^ 

or, 

tan =  — . ■  .    .    .  (25) 
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Equations  (i8),  (21),  (23),  and  (25)  give  the  Magnetic 
Elements  in  terms  of  the  components  X,  K,  Z;  and  these 
latter,  as  seen  by  equations  (13),  (14),  and  (15),  depend  on 
the  latitude,  longitude,  and  magnetic  potential  of  the  point 
considered.  The  complete  solution  of  these  equations  as  re- 
gards the  Potential  involves  the  employment  of  Laplace's 
Functions  (or  Spherical  Harmonics,  as  they  have  latterly 
been  called) — a  branch  of  analysis  of  general  application  in 
physical  research,  and  wliicli  is  l)ey()nd  the  plan  of  this  Treat- 
ise to  deal  with:  suffice  it  to  say,  that  it  is  a  means  of  express- 
ing in  converirincr  series,  vahies  of  the  quantities  sought,  and 
that  tlie  nn?Ti])er  of  terms  taken,  determines  the  degree  of 
accuracy  attained  in  the  result. 
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CHAPTER  XII. 


THE  ELECTROMAGNETIC  THEORY  OF  LIGHT. 

"The  electruniagnelic  theory  of 
Hgbt  adds  to  the  old  nndulatory 
theory  an  enorraoui  province  of  tran> 

tcefldent  interest  and  importance;  it 
demands  of  us  not  merely  an  explana- 
tion o£  all  the  phenomena  of  light 
and  radiant  heat  by  transtverse  vibra- 
tions of  an  elastic  solid  called  ether, 
but  also  the  inclusion  of  electric  cur- 
rents, of  the  permanent  magnetism 
of  steel  and  lodestone,  of  magnetic 
force,  and  of  electrostatic  force,  in  a 
comprehensive  ethereal  dynamics." 

Lord  Kilvin. 

Section  One:  Reciprocal  Action  of  Light,  Electricity,  and 

Magnetism. 

197.  Light  excites  a  current  of  electricity,  and  produces 
the  magnetic  condition. — Just  as  zinc  and  c()j)i)er  ininiersed 
in  acid  yield  a  current  of  electricity,  so  two  scnsiii\c  i)Iales 
may  be  prepared  from  a  variety  of  substances  which  will  pro- 
duce a  current  in  a  wire  connecting  them  when  lig^ht  falls  on 
one  of  the  plates  while  the  other  is  screened:  the  lij^ht.  like 
the  acid,  excites  the  flow  and  determines  its  direction — this 
alternating  with  the  plate  exposed.  Combinations  of  such 
plates  with  a  liquid  are  called  photoelectric  cells,  in  contra- 
distinction  to  the  ordinary  voltaic  cell 

Of  all  the  metals,  a  seleno-aluminum  cell  gives  the  best 

BOO 
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results:  to  form  it,  two  clean  plates  of  aluminum  are  pre- 
pared^— one  is  si)rca(l  with  a  tliin  layer  of  selenium,  and  l)()th 
are  theti  dipped  in  alcohol  and  connected  by  a  fine  wire,  with 
a  quadrant  electrometer  in  circuit. 

Upon  exposure  of  the  sensitive  plate,  it  responds  instantly 
to  the  luminous  action  by  a  movement  of  the  electrometer- 
needle,  and  the  current  as  quickly  disappears  upon  with* 
drawal  of  the  light.  Even  the  passage  of  a  cloud  or  inter- 
position of  the  hand  varies  the  current.  A  seleno-aluminum 
cell  has  been  set  in  action  by  the  light  from  a  match  a  few 
feet  distant,  the  current  generated  closing  the  circuit  of  a 
voltaic  cell  in  connection  with  it  and  thus  setting^  in  motion 
the  hnal  o!)jcct — an  electric  hell. 

The  cell  transforms  the  energy  it  recei\cs  as  lighl  into  an 
electric  current,  which  in  turn  performs  some  useful  work  of 
a  sinij)lc  nature. 

Although  all  light  will  excite  electricii\  in  a  photoelectric 
cell,  still  the  ditTerent  colors  produce  currents  of  variable 
strength.  When  light  is  decomposed  by  a  prism  and  the 
sensitive  plate  is  successively  exposed  to  the  several  colors,  it 
is  found  that  with  some  elements  red  excites  but  a  feeble  cur- 
rent, and  blue  a  strong  one,  while  with  the  seleno-aluminum 
cell,  it  is  the  yellow  that  creates  the  strongest  current. 

The  element  selenium  illustrates  in  itself  the  influence  of 
Light  upon  Electricity:  experiments  have  proved  that  light 
falling  upon  a  rod  of  this  substance  will  start  and  maintain  an 
electric  current  in  it — ^the  current  rising  instantly  upon  ex- 
posure to  the  light  and  ceasing  upon  its  removal.  Again: 
selenivnn  in  its  ordinary  vitreous  condition  is  a  very  bad  con- 
ductor of  electricity,  Init  when  carefully  annealed  it  acquires 
a  crystalline  structure  that  reduces  the  resistance;  and  as  be- 
tween light  and  shade  its  conductivity  increases  from  15  per 
cent  in  darkness  to  lOO  per  cent  in  daylight;  even  more,  the 
conductivity  increases  as  the  light  grows  brighter:  in  some 
way  the  light  opens  freer  passage  to  the  electric  current. 
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The  following  extract  from  Prof.  A.  £.  Dolbear  vouches 
for  the  fact  that  Light  produces  the  Magnetic  Condition: 
"  Circularly  polarized  light  is  like  water  issuing  from  a  gar- 
den-hose when  the  nozzle  is  swung  round  in  a  circle — ^it  is  a 
kind  of  sfMral  advance — and  this  was  the  nature  of  light  re- 
flected from  the  polished  face  of  an  electromagnet.  ...  By 
the  cunverse  of  this,  that  is,  concciuraiuig  a  large  beam  of 
ordinary  plane  polarized  light  with  a  quartz  lens  and  passing 
it  through  a  quarter-wave  plate  at  the  pn)])cr  angle,  a  power- 
ful beam  of  circularly  jwlanzed  lij^lil  was  obtained.  At  the 
focus  of  this  beam  a  hue  cambric  needle  without  magnetism 
was  placed  so  that  the  light  passed  it  longitudinally.  Ten 
minutes*  exposure  was  sufficient  to  make  it  decidedly  mag^ 
netic. 

"  Hence  I  infer  that  the  motions  which  we  call  magnetic 
attractions  and  repulsions  may  be  quite  analogous  to  such 
helical  motions;  also  that  these  motions  exist  in  ether,  and 
evidently  may  be  either  right-  or  left-handed." 

198.  Spectntm  lines  resolyed  into  two  or  more  com- 
ponents by  a  magnetic  field. — ^When  a  spark  from  an  in- 
duction-coil passes  between  electrodes  of  an\-  two  elements — 
say  cadmium  and  zinc — and  its  liqfht  is  transmitted  through 
a  prism,  the  resulting  s|)ectrum  is  composed  of  a  scries  oi 
bright  lines  characteristic  of  tlie  elements  used.  With  no 
extraneous  means  taken  to  atifect  them,  these  lines  ai)pear  to 
the  eye  as  bands  of  definite  width;  but  if  the  source  of  light  be 
placed  in  the  midst  of  a  strong  field  created  by  a  powerful 
electromagnet,  the  bright  lines  are  no  longer  single,  but 
multiple,  and  variously  so. 

A  very  strong  field  and  high  dispersive  power  of  the 
prism  are  essential  to  produce  these  results. 

Fig.  353  represents  the  decomposed  lines  of  the  spec- 
trum: in  (i)  we  have  a  band  flanked  by  single  lines  of  less 
width;  in  (2)  a  quartet — two  central  lines  and  two  side  bands; 
in  (3)  a  doublet  of  bands;  in  (4)  two  pairs  of  same  width;  in 
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(5)  a  sextet  o£  slender  lines— and  each  group,  the  outcome 
of  a  bright  Hne  or  band  that  was  originally  single  and  uni- 
form.  Furthermore,  these  resolved  lines  are  polarized,  and 
variously  so;  some  circularly— others  plane,  and  of  these  lat- 
ter, in  the  case  of  a  triplet,  for  instance,  the  polarization  in 
the  central  line  is  at  right  angles  to  that  in  the  side  lines,  a& 

(1)  (2)  (3)  (4)  (5) 


Fig.  353. 

may  be  proven  by  a  Xicol  prism,  whicli  aUernately  extin- 
guishes the  inner  or  outer  lines  according  to  the  way  in 
which  it  is  turned. 

When  the  current  in  the  electromagnet  is  stopped,  these 
groups  of  component  lines  merge  into  their  original  single 
lines  or  bands  of  uniform  aspect,  only  to  appear  again  when 
the  magnet  is  alive  with  current.  It  may  he  stated  that  what 
has  thus  been  realized  by  experiment  was  at  first  partly  indi- 
cated or  predicted  by  the  electromagnetic  theory,  which  is 
based  on  the  rotating-orbital  motions  of  the  electrons — ^the 
charged  ions  of  matter. 

199.  Electric  currents  displaced  by  a  magnetic  field. — 
The  action  of  magnetism  upon  electricity  is  proven  by  va- 
rious farts:  the  electric  arc,  the  brush-discharge,  and  tlie 
luminnus  l>an{ls  of  a  vacuum-tube  (which  arc  onl\  electrified 
streams  of  j)articles  of  matter)  are  all  swayed  and  twisted 
about  like  flexible  conductors,  by  means  of  a  magnet  and  .a 

RAPIDLY  REVOLVING  DISC  CHARGED  WITH  STATIC  ELECTRIC* 
ITY  BEHAVES  TOWARD  A  MAGNET  LIKE  A  FEEBLE  CIRCULAR 
CURRENT. 

The  following  shows  an  intimate  connection  between 
electricity  and  magnetism:  in  Fig.  354,  F  is  a  sheet  of  gold 
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leaf  to  which  the  potest  and  iC  of  a  battery  B  are  led  by  wires; 
G  is  a  galvanometer  connected  by  wire  to  the  equatorial  line 
of  the  gold  leaf,  and  matters  may  be  so  arranged  that  when 
the  current  passes,  no  deflection  of  the  needle  will  occur;  in 
this  case,  it  is  evident  that  the  electricity  spreads  out  in  a  uni- 


Fiu.  354.  Fig,  355. 


form  sheet  between  the  poles  A  and  /C,  which  condition  may 
be  represented  by  the  symmetrical  (solid)  lines 
these  are  crossed  at  right  angles  by  the  equipotential  (dotted) 
lines  P  ,  ,  .  P,  also  symmetrical. 

Now  if  this  uniform  flow  be  subjected  to  an  intense  field 
by  bringing  a  pole  of  an  electromagnet  on  each  side  of  the  gold 
leaf  F  and  perpendicu'nir  to  its  phmc,  tlicn  the  gah anuiiieter- 
needle  will  be  steadil)  dclkclctl,  its  councciit>ns  with  the  leaf 
remainiiiL:  unciiaiii^ci!.  The  current  throiiiifh  the  galvanom- 
eter is  di!C  to  a  flirfcrt  iice  of  potential,  which  can  arise  only 
by  the  electric  How  in  the  gold  leaf  being  hcisted  out  of  sym- 
metr>'  (as  in  Fig.  355)  by  the  magnetic  field,  thus  bringing 
poiifts  of  different  potential  to  the  galvanoinetcr  terminals. 

This  effect  upon  the  electric  flow  varies  in  both  direction 
and  degree  with  the  kind  of  metal  of  which  the  leaf  is  made 
— ft  is*  feeble  in  gold,  strong  in  bismuth,  but  in  the  same 
direction  in  both;  white  it  is  in  the  opposite  direction  in  iron 
and  tellurium,  moderate  in  the  former  and  immensely  strong 
in  the  latter. 
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200.  The  plane  of  polarized  light  rotated  by  a  mag- 
netic field.— Tlie  ether  ot  space  may  be  a  nicdium  of  close 
structure,  like  jelly  or  elastic  rublx  r.  in  which  case  a  move- 
luent  in  it  would  be  of  the  nature  ot  compression  at  certain 
points  and  dilatation  at  contiguous  ones — a  stress  in  both 
cases  that  is  passed  on  as  a  deformation  of  the  mass.  It  may 
also  be  of  loose  structure,  like  air,  and  then  a  movement 
would  consist  of  an  oscillatory,  rotary,  or  right-line  motion 
of  the  particles,  or  a  combination  of  these  motions. 

The  movement  in  the  ether  called  Light  is  conceived  to 
be  a  to-and-fro  motion  of  the  medium,  either  as  a  mass  or  as 
particles,  across  the  path  in  which  the  ray  is  traveling. 

By  both  natural  and  artificial  means  this  movement  is 
variously  modified — polarized;  that  is.  certain  features  have 
been  observe*.!  in  light  to  wliicli  iliis  term  is  applied. 

Polari/ed  litjht  may  ))e  })laiie.  circular,  or  elliptical, 
tlioui^li  ill  reality  the  two  first  are  but  particular  eases  of  the 
last:  the  three  conditions  will  be  illustrated  in  a  crude  way  by 
mechanical  movements,  rather  than  au  attempt  made  to  ex- 
plain them. 

If  a  garden-hose  be  held  steady  in  the  hand,  the  issuing 
stream  will  have  the  semblance  of  a  glass  rod  nearly  straight: 
if  the  nozzle  1>e  moved  rapidly  from  side  to  side,  the  stream 
will  consist  of  undulations  in  a  horizontal  plane;  if  up  and 
down,  the}-  will  be  in  a  vertical  plane;  both  are  typical  of 
plane  polarized  light — wavy  motion  restricted  to  one  plane. 
If  the  nozzle  be  swung  round  in  a  circle,  the  stream  advances 
in  a  symmetrical  spiral:  and  if  in  an  elli|>se.  tlic-  water  de- 
scribes a  helicoidal  curve:  the  former  typifies  circularly  polar- 
ized light,  and  the  latter  elliptical.  In  this  illustration,  it  is 
not  asserted  that  the  medium  actualb  mo\  es  as  the  water 
does:  it  is  only  motion  that  is  transmitted,  as  may  be  exactly 
illustrated  by  a  rope  attached  at  one  end  to  a  swivel  in  a  wall, 
the  other  end  being  held  in  the  liand;  by  moving  the  latter 
right  and  left,  or  up  and  down,  or  in  a  circle,  or  ellipse,  the 
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corresponding  sinuosities  are  identical  with  those  of  the 
stream  from  the  hose;  there  is  this  difference,  however — ^here, 
only  motion  is  communicated  from  point  to  point;  there,  the 

material  particles  proceed  onward. 

Again,  to  afford  anntlier  idea  of  the  movement  of  light 
and  its  polarized  phases,  consider  a  wheel  susceptible  of  mo- 
tion alonf^  an  axle  at  the  same  lime  that  it  rotates:  let  each 
spoke  be  the  path  of  a  molecule  oscillatinf^f  from  hub  to  tire; 
then  if  the  wheel  be  pushed  (^without  revolving)  along  the 
axle,  the  direction  of  this  axle  is  the  ray,  and  the  oscillation 
of  the  molecules  along  the  spokes  produces  the  movement 
called  light.  If  all  the  spokes  but  two— those  in  the  vertical 
line — be  removed,  we  have  oscillation — ^polarization — in  the 
vertical  plane  only;  similarly,  if  all  but  the  two  horizontal 
spokes  be  removed,  we  have  polarization  in  that  plane  only; 
and  it  is  evident  that  by  suppressing  all  the  spokes  except 
any  two  in  the  same  diameter,  we  get  polarization  in  the  cor- 
responding plane  which  is  traced  out  -by  pushing  the  wheel 
straight  along  the  axle. 

If,  while  the  wheel  is  pushed  along,  ii  also  rotates,  a  point 
on  the  tire  will  nunc  as  if  circularly  polarized:  this  becomes 
elliptical  if  the  wheel  has  sj^okes  of  different  length  at,  right 
angles  to  each  other:  and  in  both  cases,  the  Period  is  the  time 
it  takes  the  point  on  the  tire  to  make  one  turn,  and  the 
Wave-length  is  the  length  of  the  axle  along  which  the  wheel 
advances  while  the  point  makes  one  complete  revolution. 

Polarization  may  be  produced  by  reflection  of  light  at  a 
suitable  angle  from  a  surface,  or  by  transmission  through 
certain  crystals  (as  Iceland-spar)  specially  cut  and  prepared, 
and  then  called  Nicot  prisms:  the  way  in  which  these  prisms 
produce  it  may  be  illustrated  by  the  stream  of  water  front 
the  hose:  point  it  at  a  picket  fence  and  wag  the  nozzle  rapidly 
up  and  down — the  water  will  pass  freely  through  the  spaces 
between  the  pickets,  and  if  we  were  on  the  other  side  of  them, 
we  should  see  only  the  effects,  just  as  we  should  see  only 
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polarized  light  in  a  vertical  plane  after  it  had  passed  through 
the  prism  held  in  a  particular  way;  similarly,  if  the  hose  were 
wagged  from  side  to  side  while  pointed  at  a  rail  fence,  the 
water  would  go  through — ^polarization  in  a  horizontal  plane: 
but  ilf  in  the  case  of  the  picket  fence,  especially  with  the  slats 
quite  close,  the  hose  were  moved  from  side  to  side  quickly^ 
little  or  no  water  will  pass  through — ^it  merely  splashes 
against  the  pickets  as  against  a  solid  wall;  and  so  when  we 
turn  the  Nicol  prism  at  rii;lu  angles  to  the  position  in  which 
it  fornierl}-  let  li^ln  through,  it  will  ih:>\v  (|neiich  it.  A  cir- 
cular or  e!li])iical  niolion  of  the  nozzle — that  is,  correspond- 
inef  polarization — will  allow  a  little  water  to  get  through 
either  picket  or  rail  fence  at  all  points  of  the  circuit;  and  this- 
is  also  the  case  with  those  crystals  that  produce  double  re- 
fraction and  circular  and  elliptical  polarization;  light  gets 
through  them,  however  turned — faintly  in  some  positions,, 
brightly  in  others — ^maxima  and  minima — just  as  will  occur 
with  the  water  and  the  fences. 

Before  proceeding  with  the  subject  proper  of  this  article, 
an  experiment  will  be  described  that  tends  to  prove  the  elec- 
tromagnetic condition  to  be  one  of  strain.  Many  crystals 
have  the  property,  naturally,  of  splitting  a  ray  of  light  enter- 
ing them,  so  that  two  rays,  instead  of  one,  emerge:  it  is  called 
(loiil)lc  refract i(»n:  it  is  (.luc  to  ihc  substance  hciiii;  niDi  c  <lense 
in  one  direction  than  another.  This  result — s|)littiii<j:  an  in- 
cident ray  into  two  emergent  one^ — may  also  be  prfnUiced  hv 
various  mean^:  tiexure,  vibration,  compression — tiiereby 
artificial]}  imparting  to  the  substance  a  double  refracting 
power  it  did  not  previously  possess;  thus,  glass  of  uniform 
density,  when  pressed  on  opposite  sides,  splits  a  ray  of  light 
just  as  Iceland-spar  does  naturally;  by  mechanical  means  it 
has  been  forced  into  a  state  of  strain;  and  upon  relief  fromr 
this,  by  electrical  means  it  may  again  be  thrown  into  a  con- 
dition that  produces  double  refraction. 

Other  substances,  solid  and  liquid,  have,  by  compression^ 
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been  made  to  produce  double  refraction  exactly  as  natural 
crystals  do,  and  the  fact  that  electrical  induction  will  in  all 
these  cases  produce  the  >anie  results,  is  tjood  ground  for  in- 
ferring that  the  electrical  condition  is  one  of  strain. 

Fig.  356  illustrates  the  means  of  carrying  out  one  of  these 
experiments:  G  is  a  block  of  glass,  bored  to  admit  thick  wires 
HK  and  WM  to  within  a  short  distance  of  the  center;  these 
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are  connected  to  an  electrical  machine  R,  which,  when  in  ac- 
tion, creates  a  condition  of  electro-static  stress  in  the  glass 
between  the  ends  of  the  wires;  L  is  a  source  of  lig^ht;  P  and 
A  two  Nicol  prisms,  the  former  to  polarize  the  light,  the  lat- 
ter to  examine  it  after  passing  through  the  glass;  the  direc- 
tion of  the  ray  BC  is  normal  to  the  face  of  the  glass,  but  the 
polariser  is  so  turned  that  the  plane  of  polarization  (as  indi- 
cated by  the  line  fV)  makes  an  angle  of  45**  with  the  axes  of 
the  wires  .1/.  A':  it  this  angle  be  either  0°  or  90°,  the  strain  in 
the  q-lass  produces  no  effect  on  tlie  polarized  light,  as  should 
-evitlently  be  the  case:  tlie  maximum  ehect  is  with  an  angle  of 
45°,  from  which  it  diminishes  on  either  si<le. 

When  the  electrical  machine  is  not  working,  the  polarized 
light  passes  through  the  glass  and  emerges  in  the  condition 
it  entered;  and  if  the  optic  axis  of  A  be  parallel  to  that  of  F, 
the  beam  will  pass  through  A  also;  but  it  will  be  extinguished 
if  the  axes  make  an  angle  of  90^,  as  in  the  figure.    It  is  the 
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case  of  the  picket  fence  and  the  liose  waved  at  it  in  two  di- 
rections at  riglit  angles  to  each  oilier. 

When  the  machine  is  in  rapid  action,  and  the  stress  in  the 
glass  great,  light  comes  through  in  every  position  in  which 
the  analyzer  A  may  be  turned — the  strained  condition  of  the 
glass  has  ccmverted  the  plane  polarized  beam  entering  it  into 
elliptically  polarized  light  on  emei^ence,  whose  maxima  and 
minima  intensities  appear  as  double  refraction.  It  is  again 
the  experience  of  the  hose-stream  and  the  picket  fence. 

To  return  to  the  subject  of  this  article:  the  rotary  motion 
called  Magnetism  twists  the  oscillatory  movement  called 
plane  polarized  Light  into  a  spiral  surface  like  the  nether  side 
of  a  winding  stair-case.   Consider  Fig.  357;  M  is  a  section  of 


N  S 


Fio.  357. 

an  electromagnet,  whose  poles  AT  and  5  are  bored  through  to 
give  passage  to  a  beam  of  light;  P  and  A  are  two  Nicol 

prisms;  G  is  a  block  of  dense  glass. 

Tlie  light  from  /,  is  [xdarized  in  a  vertical  plane  l)v  P\  it 
passes  through  the  j)oles  and  the  glass,  and.  if  no  current 
actuate  the  magnet,  also  through  when  its  optic  axis  is  par- 
allel to  that  of  but  if  the  prisms  iiave  their  axes  at  right 
angles,  it  is  barred  at  A  \  no  modification  of  the  light,  how- 
ever, occurs  in  transit — it  is  still  polarized  between  P  and  A 
in  a  vertical  plane.  With  the  light  stopped  at  A^  let  the  cur- 
rent be  turned  on — uistantly  light  flashes  through  A^  so  that 
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its  axis  must  be  turned  by  a  certain  angle  to  extinguish  it  * 
again:  thus  the  plane  of  the  light  has  been  twisted  as  shown 
in  Fig.  358. 


If  the  current  be  suppressed,  the  axis  of  the  analyzer  A 
must  be  turned  back  to  the  horizontal  position  again,  in  or- 
der to  stop  the  light;  if,  on  the  contrary,  the  current  be  in- 
creased, the  twist  grows  with  it;  if  the  polarity  be  reversed, 
so  is  the  direction  of  the  twist;  if  the  glass  be  of  greater 
length,  this  also  will  increase  the  twist:  all  which  prove  that 
it  is  the  magnetic  condition  that  causes  the  twist. 

Other  substances  besides  glass,  placed  in  the  magnetic 
field,  produce  this  twist,  Init  in  varying  degree  antl  direction: 
the  rotary  power  of  iron  is  so  great  that  a  block  of  it  one 
inch  thick,  inagnclizcd  to  saturation,  would  turn  the  plane  of 
•polarization  comj)lctcly  round  more  than  a  thousaml  times; 
or,  to  state  the  fact  differently,  a  film  less  than  one-thou- 
sandth of  an  inch  thick  would  turn  the  plane  of  polarization 
through  360** :  in  contrast  with  this  is  the  Earth's  magnetic 
field,  through  which  a  beam  would  have  to  travel  north  and 
south  a  distance  of  316  miles  before  its  plane  would  suffer  a 
twist  of  one  degree. 

Free  space  seems  incapable  of  producing  this  rotation — 
the  intervention  of  matter,  and  this  dense  and  pervaded  by 
'magnetism,  is  essential. 

Tt  is  also  true  that  many  natural  substances — quartz  and 
other  crystals,  as  well  as  a  variety  of  vegetable  solutions — ^all 
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rotate  the  plane  of  polarized  light  without  the  presence  of  a 
magnetic  field.  If  a  glass  tube  three  feet  long,  filled  with  a 
concentrated  solution  of  sugar,  and  closed  at  the  ends  by 
plain  glass  plates,  placed  lengthwise  in  a  beam  of  light, 
polarized  in  a  horizontal  plane,  it  will  be  traversed  by  a  lumi< 
nous  spiral  band:  near  the  end  at  which  the  light  enters,  it 
is  a  horizontal  diameter  that  is  illumined,  but  as  we  proceed 
toward  the  other  end,  this  ray  is  gradually  turned,  tracing 
out  a  helical  nhhon  of  lig"ht  in  the  liquid,  whose  emergent 
end  has  l)ccn  twisted  many  degrees  from  the  direction  in 
which  it  entered  tlie  tuhe.  Rock  crystal  twists  the  spectrum 
colors  differently,  so  that  white  light  entering  it  is  dragged 
asunder  and  the  separate  colors  flashed  out  in  succession  as 
the  crystal  is  turned — red  rotated  least,  and  the  others  pro- 
gressively, up  to  violet,  which  is  most*  Here  a  connection 
between  Heat  and  Light  may  be  noted  by  the  fact  that  both 
are  polarized  and  twisted  exactly  in  the  same  way  by  the  same 
substances,  liquid  or  solid. 

But  there  is  a  radical  difference  between  the  rotary  action 
of  all  natural  substances  and  that  of  the  magnetic  field;  it  is 
this:  in  the  former  if  the  polarized  beam  be  reflected  back  by 
a  mirror  at  the  terminus,  the  light  literally  retraces  its  steps, 
as  the  linger  would  return  along  the  thread  of  a  screw;  where- 
as, in  the  magnetic  field,  the  twisting  goes  on  during  the 
return  just  as  on  the  outward  passage,  and  will  continue  in 
pro})orti()U  to  the  length  of  field  traversetl,  whether  In-  suc- 
cessive reflect inn<  at  the  ends  of  the  substance  or  through 
one  long  straight  path. 

Substances  vary  in  structure — so  do  the  amount  and  di- 
rection of  the  twist  they  produce:  this  explains  the  rotation 
by  natural  substances,  but  not  that  by  magnetic  action,  which 
is  explicable  only  on  the  basis  that  the  individual  molecules 
of  matter  (whether  gross  or  ethereal,  that  thread  the  lines  of 
magnetic  force  like  beads  do  a  string)  are  whirling  round 
those  lines  as  axes. 
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Fig.  359  shows  another  means  of  rotating  polarized  light 
by  a  magnetic  field:  N  and  S  are  the  poles  of  an  electro- 
magnet,  the  latter  perforated  to  admit  the  beam,  and  the  face 


of  the  former  polished;  the  light  emanates  from  L,  is  polar- 
ized by  the  Nicol  P,  falls  upon  a  partly  silvered  mirror  M 
fixed  at  an  angle  of  45°,  is  thence  thrown  normally  on  the 
face  of  the  pole  AT,  and  reflected  back  to  A — another  Nicol. 

If,  with  the  mag-net  /wactive,  this  Nicol  stop  the  light,  it  will 

cease  to  do  so  wlicn  the  currciu  is  turned  on — showiiii;  twist 
of  the  beam  by  the  field,  and  this  is  further  prtn  ed  ])y  tlie 
direction  of  the  twist  being  changed  with  reversal  of  the 
poles. 

201.  A  view  of  the  related  phenomena. — ^The  various 
facts  cited  in  this  section  prove,  that  under  certain  conditions. 
Light,  Electricity,  and  Magnetism  affect  each  other  when  in 
the  same  region  of  space;  that  they  are  in  some  way  related, 
such  as  being  movements  of  the  same  medium;  and  that  they 
are  of  the  same  order  of  magnitude — like  ripples  that  creep 
up  the  slope  of  a  billow  and  there  interfere,  modify,  or  neu- 
tralize each  other  without  perceptibly  changing  the  aspect 
of  the  heavy  roller  that  bears  them  on. 
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Fig.  359. 
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There  are  sounds  so  acute — ^waves  of  air  so  short  and 

quick,  that  they  t1it  past  without  affecting  the  ear;  only  the 
rangfe  of  a  few  octaves  throw  it  into  responsive  vibration — 
waves  of  medium  length  and  frequency;  while  l)elow  these 
again,  the  grave  sounds — waves  long  and  slow,  glide  inef- 
fectually by:  so  with  waves  in  the  ether;  there  are  short  ultra- 
violet  rays  that  mostly  produce  chemical  effects,  middle  spec- 
trum waves  that  dazzle  as  light,  and  long  infra>red  rays  that 
warm  as  heat. 

Light,  then,  is  only  a  sensation  due  to  a  certain  range  of 
ether-waves;  electricity  is  probably  a  stressed  displacement 
movement  of  the  ether;  and  magnetism,  no  doubt,  a  rotary 
one  of  the  same  medium:  but  even  while  this  last  goes  on,  it 
may  be  combined  with  the  second  into  a  true  undulatory  mo- 
tion— the  electromagnetic  wave.  Consider  a  small  electro- 
magnet in  connection  with  a  break-circuit  key  and  source  of 
electricity:  clo^e  the  key — the  magnet  spring ^  nito  life  and  a 
field  arises  around  it;  open  the  key — the  magnet  is  dead— its 
field  gone:  repeat  these  alternations,  and  the  field  is  merely  a 
succession  of  ether- waves.  T.ighl  travels  at  tlie  rate  of  186,- 
000  miles  a  second:  if  the  key  were  closed  once  a  second  the 
waves  would  be  186,000  miles  long,  and  if  it  could  be  closed 
186,000  times  a  second,  they  would  be  one  mile  long;  fur- 
thermore, if  the  magnet  shrunk  to  atomic  size,  and  the  key 
could  be  opened  and  shut  with  such  rapidity  as  to  produce 
waves  between  one  forty-thousandth  and  one  sixty-thou* 
sandth  of  an  inch  long,  there  is  no  reason  for  doubting  that 
such  waves — in  the  ether  and  of  the  length  that  cause  light — 
would  produce  this  sensation  in  the  eye,  and  that  the  atomic 
magnet  would  twinkle  like  a  star.  The  shortest  waves  that 
can  at  present  be  produced  artificially  are  several  inches  long; 
so  lliat  the  means  of  exciting  those  that  will  give  the  ideal 
light  yet  offer  a  held  tor  arduous  ingenuity. 
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Section  Two :  The  £ther  and  its  Properties. 


202.  The  varied  velocity  of  wave-motion. — The  ve- 
locity of  sound  varies  *\ith  the  medium  in  which  it  travels; 
roughly  stated,  it  is  least  in  gases,  moderate  in  liquids,  and 
most  in  solids:  the  properties  of  matter,  mainly,  account  for 
such  wide  differences  in  the  velocity  of  sound  as  a  thousand 
feet  a  second  in  air  and  seventeen  thousand  feet  in  iron,  and 
these  properties  are  elasticity  and  density;  denoting  the 
former  by  e  and  the  latter  by  </,  the  velocity  for  any  medium 
will  be  expressed  by  the  equation, 


The  velocity  of  luminous  and  electromag^netic  waves  has 
been  measured,  and  it  is  enormous — 186.000  ;;///<'.?  a  second. 

Conii)arc«l  with  sound,  it  seems  incredible,  as  do  the  prop- 
erties ul  the  medium  requisite  to  transmit  it:  from  equation 
(2)  the  elasticity  of  such  a  medium  must  be  ail  but  infinite 
and  its  density  intinitesimal,  and  this  is  the  conception  of  the 
propertii     *  the  ether. 

203.  The  ether  pervades  all  space  and  matter. — 
Whether  the  ether  be  solid,  liquid,  or  gas — ^matter  so  com- 
pactly massed  as  to  form  a  continuous  substance,  or  com- 
posed of  fine  particles  with  interstices  equally  small,  is 
chiefly  a  speculation  of  him  who  writes  upon  the  subject.  In 
its  natural  state,  it  is  conceived  to  pervade  all  space  uniformly, 
except  in  matter,  where  it  both  permeates  the  mass  uniformly 
and  also  clings  to  its  atoms  in  denser  layers,  varying  with  the 
substance. 
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304.  Tlie  elasticity  and  density  of  the  ether. — In  the 

■conduction  of  Electricity,  Magnetism,  and  Light  through  the 
Ether,  its  normal  condition  becomes  disturbed — distorted: 
from  this  it  recovers  by  a  series  of  movements  (lependent 
upon  its  elasticity  and  density,  just  as  is  tlie  case  with  tani^ible 
matter,  ahhou^^h  these  qualities  need  not  be  exactly  identical 
with  those  (Ie>i<^Miated  !)y  tlie  same  names  in  such  matter — 
only  fiiHiiling  analogous  functions. 

The  plial)ility— elasticity — ^of  the  ether  is  different  in  dif- 
ferent substances;  it  is  called  the  specific  inductive  capacity, 
and  is  denoted  by  K\  its  value  can  be  measured  by  electro- 
static experiments — not  absoUttely,  but  relatively  to  air,  in 
which  the  value  is  assumed  to  be  unity:  this  arbitrary  assump- 
tion is  the  basis  of  the  artificial  electrostatic  system  of  units. 

Similarly,  the  density  of  the  ether  varies  with  the  sub- 
stance: it  is  assumed  to  be  unity  in  air — ^may  be  measured 
relatively  to  that  by  magnetic  experiments,  and  is  hence 
known  as  the  magnetic  permeability,  and  is  denoted  by;/; 
the  con\  ention  that  it  is  unity  in  air  gives  rise  to  the  artificial 
electroma.i,Mietic  syslcni  of  units — volts,  ohms,  amperes,  etc. 

Clearly,  both  K  and  pL  have  to  do  with  the  velocity  of 
electric  nnrl  niaL;netic  movements  in  different  substances. 
Light,  too,  experiences  a  change  of  velocity  in  various  trans- 
parent media,  dependent  upon  the  variable  density  of  the 
ether  in  them:  in  air  it  is  assumed  to  be  unity — in  all  other 
substances  it  has  a  certain  relative  value  to  this,  known  as  the 
index  of  refraction  and  denoted  by  n. 

205.  Mechanical  illustration  of  an  electro-magnetic 
nunrement. — ^It  may  dispel  some  of  the  haze  surrounding  a 
conception  of  the  subject  if  an  electromagnetic  motion  in  the 
ether  be  compared  with  that  of  some  visible  object. 

If  we  liken  an  electric  current  to  a  stream  of  water  in  a 
pipe,  the  rate  of  Hm?  applies  to  both;  so  does  the  qmniiiy  that 
passes  a  given  point  in  a  specified  time;  the  pressure  in  the 
water  corresponds  to  volkigc  in  the  current;  and  friction  of  the 
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pipe  to  resistance  of  the  conductor.  But  a  more  complete 
illustration  is  afforded  by  a  steel  spring.  Consider  Figs.  360 
to  363 :  in  Fig.  360,  the  spring  5  may  be  twisted  by  holding; 


FiG.  360.  Ftc.  361.  Fig.  36a.  Pic.  363. 


the  lower  end  L  in  the  left  hand  and  twirling  the  upper  end 
R  between  the  thumb  and  forefinger  of  the  right  hand — the 
pointer  P  indicating  the  rotation;  let  the  force  applied  to 
produce  this  represent  electromotive  force  (E.  M.  F.).  and 
the  rate  of  rotjition,  tlie  current.  The  flexibility  of  the  spring 
— its  elasticity — rej)rcvcnts  a  certain  capacity  for  twist,  which 
may  simulate  electrical  cajjacily;  wlicii  the  twist  reaches  a 
limit,  it  is  analogous  to  tlie  full  charge  in  a  condenser,  the 
decree  <)f  rotation  standiiiL;;  tor  the  current  that  char<^cd  it. 
If  suddenly  released  by  the  right  hand,  the  spring  flys  back — 
and  more,  winding  itself  up  in  the  opposite  direction;  and 
this,  to-anU-fro,  several  times:  it  is  analogous  to  (/^charge 
of  a  condenser,  which  excites  a  series  of  diminishing  oscilla- 
tions in  the  ether;  and  it  is  obvious  that  these  depend  upon 
.the  same  property  of  both  metal  and  medium — ^their  elas- 
ticity; that  is  to  say,  the  property  of  the  ether  is  a  semblance- 
of  what  we  call  elasticity  in  solid  substances — 2.  property  that 
plays  a  i)rominent  part  in  the  distortion  of  both»  and  relief 
therefrom.  In  Fig.  361,  a  vane  of  stiff  paper  V  is  attached  to 
a  rod  on  the  spring,  and  a  second  pointer  is  })lace(l  at  Q; 
viewed  from  above,  both  pointers  are  in  line  when  the  spring 
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is  free  of  twist.  Let  R  be  now  turned — P  will  move  before 
Q  and  this  a  little  in  advance  of  V\  on  account  of  the  air,  the 
vane  opposes  resistance  to  rotation,  but  interferes  scarcely  at 
all  with  the  beginning  or  ending  of  the  motion;  and  this  is 
•exactly  like  resistance  in  a  conductor  to  an  electric  cinicriL 

In  Fig.  3^)-?,  a  disc  of  lead  D  is  attached  to  the  stem  L;  on 
account  of  its  density  and  tlie  way  in  which  it  is  ])laced,  it  adds 
weight — inertia — to  the  system,  witliout  olTerin.i^  j)erccptibie 
resistance  to  the  air;  whereas  the  vane  introduced  resistance 
without  perceptible  inertia — density.  If,  for  the  same  volume, 
more  weight  is  introduced,  as  for  instance  a  disc  of  platinum 
rather  than  one  of  aluminum,  this  means  greater  inertia — 
more  density — so  that  one  of  these  terms  entails  the  other  as 
a  synonym.  On  twisting  R  the  pointer  P  moves  Brst,  then 

and  finally  whose  inertia  must  be  overcome  ere  the 
rotation  gains  uniform  velocity:  so  in  the  ether,  the  current 
grows,  it  does  not  jump  into  full  strength;  it  creates  a  mag- 
netic field  which  reacts  upon  it;  and  the  rapid  or  slow  growth 
of  this  field  depends  on  the  inertia — the  density,  of  the  ether 
in  and  al)out  the  conductor.  This  property  of  the  ether,  like 
its  ana]o<4ue  in  the  disc,  acts  like  a  t1y  wlieel — retards  at  start, 
opposes  little  resistance  wliile  motion  is  uniform,  but  con- 
tinues the  movement  at  the  finish,  causing  the  current  to  fade 
out  rather  than  stop  at  once. 

J  'K  3'^3  f^i^y  represent  the  electromagnetic  movement 
with  all  its  attributes:  elasticity  of  spring,  the  capacity  for 
twist,  or  its  analogue,  electric  charge;  rotation  of  the  vane 
against  the  air,  resistance;  and  inertia  ol  the  disc,  density  of 
the  medium. 


Digitized  by  Google 


5l8      THE  ELECTROMAGNETIC  THEORY  OF  LIGHT, 


Section  Three :  Meaning  and  Determination  of  tiie  Physical 

Constant 

3o6.  Nature  of  the  proof  of  the  electromagnetic  theory^ 

of  light. — '*  If  the  study  ot  two  differeni  i>ianches  uf  Science 
[Electricity  and  Light]  has  independently  suggestetl  the  idea 
of  a  medium,  and  if  the  properties  which  must  he  altributed 
to  the  medium  in  order  to  account  for  elect roina^netic  phe- 
nomena are  of  the  same  kind  as  those  which  we  attril)ute  to 
the  luminiferous  medium,  in  order  to  account  for  the  phe- 
nomena of  light,  the  evidence  for  the  physical  existence  of 
the  medium  will  be  considerably  strengthened.  But  the 
properties  of  bodies  are  capable  of  quantitative  measurement. 
We  therefore  obtain  the  numerical  value  of  some  property 
of  the  medium,  such  as  the  velocity  with  which  a  disturbance 
is  propagated  through  it,  which  can  be  calculated  from  Elec- 
tromagnetic experiments,  and  also  observed  directly  in  the 
case  of  Light.  If  it  should  be  found  that  the  velocity  of 
propagation  of  electromagnetic  disturhances  is  the  same  as 
the  velocity  of  li.L;ht,  and  this  not  only  in  air,  but  in  otlier 
transparent  media,  we  shall  have  strong  reasons  for  believing 
that  lii:lit  is  an  electromagnetic  phenomenon,  and  the  com- 
bination of  tlie  optical  witli  the  electrical  evidence  will  pro- 
dncc  a  conviction  of  the  reality  of  the  medium  similar  tO'that 
which  w  e  obtain  in  the  case  of  other  kinds  of  matter,  from  the 
combined  evidence  of  the  senses. 

"  When  light  is  emitted,  a  certain  amount  of  energy  is 
expended  by  the  luminous  body,  and  if  the  light  is  absorbed 
by  another  body,  this  body  becomes  heated,  showing  that  it 
has  received  energy  from  without.  During  the  interval  of 
time  after  the  light  left  the  first  body  and  before  it  reached 
the  second,  it  must  have  existed  as  energy  in  the  intervening 
space. 
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"  According  to  the  theory  of  undulation,  there  is  a  ma- 
terial medium  which  fills  the  space  between  the  two  bodies, 
and  it  is  by  the  action  of  contiguous  parts  of  this  medium 
that  the  energy  is  passed  on,  from  one  portion  to  the  next, 
till  it  reaches  the  illuminated  body. 

*'  The  luminiferous  medium,  therefore,  is,  during  the  pas- 
sage of  light  through  it.  a  receptacle  of  energy.  In  the  un- 
dulatory  theory,  this  energy  is  supposed  to  be  partly. potential 
and  partly  kinetic.  The  potential  energy  is  su])i)osed  to  be 
due  to  the  distortion  of  the  elementary  i)orlions  of  the  me- 
dium: we  must  therefore  regard  tiie  medium  as  elastic. 

"  The  kinetic  energy  is  supposed  to  be  due  to  the  vibra- 
tory motion  of  the  mectiutn:  we  must  therefore  regard  the 
medium  as  having  a  finite  density/'  (Prof.  James  Clerk 
Maxwell.) 

It  is  here  necessary  to  form  some  mental  picture  of  an 
electromagnetic  wave:  there  is  an  electric  movement  along  a 
wire,  which  may  be  uniform— or  wax  and  wane— or  alter- 
nate in  direction.  There  is  another  that  oscillates  between 
the  knobs  of  a  conductor  when  a  Ley  den  jar  is  discharged; 
consider  Fig.  364:  the  metal  plates  A  and  B  are  fixed  to  brass 


Fig.  364. 

rods  C  and  D  which  terminate  in  the  knobs  P  and  N\  this 
system  is  connected  with  an  induction-coil  K,  When  a  spark 
passes  between  the  knobs,  it  is  not  one  snap,  and  all  over;  but 
a  surging  to  and  fro  from  knob  to  knob  with  decreasing  in- 
tensity until  all  energy  is  spent;  these  are  electric  oscillations, 
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whose  fading  character  may  be  represented  by  Fig.  365. 
Now  these  electric  oscillations  along  the  line  CD  give  rise  to 
a  corresponding  undulatory  motion  of  the  surrounding 
ether — spherical  waves  of  which  CD  is  but  one  diameter;  they 
travel  outward  and  onward  in  all  directions,  and  these 
spherical  undulations  are  the  electromagnetic  waves  which 


have  the  same  velocity  as  light,  and,  like  waves  of  light, 
undergo  reflexion,  refraction,  polarization,  interference,  etc. 

They  are  much  longer  than  light  waves,  but  in  any  par- 
ticular case  the  exact  length  as  well  as  the  frequency  with 
which  they  follow  each  other,  are  dependent  on  their  source 
— the  self-induction,  capacity,  and  resistance  of  the  apparatus 
that  produces  them,  "just  as  the  note  emitted  by  an  iron 
cylinder,  when  struck  on  its  end,  depends  on  the  length  of 
the  cylinder."  While  their  length  thus  depends  on  the  origin, 
their  velocity  is  bulely  due  the  properlies  of  the  ether- 
its  elasticity  and  density. 

TIkm.  electromagnetic  waves  may  be  variously  produced 
— their  length  measured — their  frequency  calculated  from 
data  regardiiiL;  their  source;  and  hence  their  velocity  becomes 
known  by  multiplying  the  length  of  wave  by  the  number 
that  pass  in  a  second.  This  is  one  method,  and  there  arc 
several  other  experimental  and  calculable  means  of  getting 
at  the  same  result. 

Therefore,  to  summarize:  the  ether  in  different  substances 
is  in  such  diverse  condition  that  it  affords  transit  to  luminous 
and  electromagnetic  motion  with  varied  velocity  for  each 
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suhstance;  the  velocity  of  liL;hi  has  been  measured  again  and 
again,  and  is  known  both  for  free  si)ace,  or  air,  and  tor 
many  transparent  bodies;  the  specific  intluctivc  capacity  of 
bodies,  that  is,  their  relative  susceptibility  to  electromagnetic 
phenomena  has  also  been  measured  time  and  oil  for 
many  substances,  and  from  these  measurements  the  velocity 
of  an  electromagnetic  wave  can  be  calculated;  now  if 
the  luminous  and  the  electromagnetic  wave  are  but  com- 
ponents of  one  motion  of  the  ether,  their  velocities  should  be 
the  same  in  the  same  substances — and  tlwy  are,  A  compari- 
son for  different  transparent  bodies — solids,  liquids,  and 
gases — discloses  the  fact  that  both  velocities  are  identical  in  *• 

instances,  ver\  nearly  alike  in  others,  ami  (litter  con- 
si^icrably  in  only  a  few  cases:  and  this  is  the  main  proof  of  the 
elecir(jiiiagnetic  theory  of  light.  That  the  three  phenomena 
— l.ii^lit,  FJecuiciiy.  and  Ma^netisin — when  brought  to- 
re'Jicr  in  the  •^nme  lield,  do  atiect  each  other,  thus  proving 
their  intimate  relationship,  has  already  been  shown  in  Section 
One  of  this  Chapter. 

As  experimental  means  have  become  more  refined,  the 
discrepancy  between  the  two  velocities  has  grown  less,  so  that 
the  tendency  since  the  first  experiments  were  made,  is 
steadily  toward  proving  the  luminous  and  electromagnetic 
movements  to  be  a  combined  motion  of  the  ether. 

307.  Electrostatic  and  electromagiietic  imitB  in  terms 
of  Length,  Time,  and  Mass — ^The  subject  of  units  will  be 
treated  here  only  from  the  point  of  view  necessary  to  illus- 
trate the  Electromagnetic  Theory  of  Eight. 

Our  knowledge  of  natural  phenoniena  rests  partly  on 
measures  of  Length,  Mass,  and  Time:  the  primary  quantity 
of  each  of  iliese  that  is  chosen  as  a  standard  by  which  to 
measure  all  other  amounts  may  (and  does)  vary  with  each 
nation;  but  in  the  scientific  community  of  all  countries,  the 
metrical  system  is  generally  used — ^the  Centimetre  for  the 
unit  of  Length,  the  Gramme  for  the  unit  of  Mass,  and  the 
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Second  for  the  unit  of  Time;  the  initial  letters  of  these  words 
hence  giving  the  name  to  the  system,  C.G.S.  units. 

But  for  the  purpose  in  view,  it  will  be  more  suitable  to 
treat  the  quantities  themselves  in  their  fullest  generality,  as 
Length,  Mass,  and  Time,  denoted  respectively  by  L,  M,  T. 

Vxom  these  iiuw  our  conceptions  of  other  physical  quan- 
tities; Area,  as  the  square  of  a  length,  L?\  VoUnm\  as  its  cube, 
L?;  I  'clociiy,  as  a  rate  of  motion,  evidently  a  length  divided  by 
a  time,  that  is, 

Y  =  L-i.  T=L.T'^l     .    •    .    .  (3> 

Acceleration,  that  is.  a  change  in  a  velocity,  which  therefore  is 
the  velocity  itself  divided  by  the  time  for  which  the  change  is 
to  be  indicated,  or 

JL ,  J    ^  -7-  2  —  JL ,  jT         *    •    •    ,  ^4') 

Force,  as  the  moving  spirit  of  a  mass,  and  if  the  motion  of  this 
mass  changes,  that  is,  undergoes  acceleration  (decrease  of 
motion  l)cing  uiinus  acceleration),  the  force  sutTers  a  cor- 
responding change,  and*  hence  becomes  an  index  of  the  mo- 
tive power,  whence  force  is  sintal)ly  rei)resented  by  the  mass 
multiplied  by  the  acceleration  of  its  motion,  that  is, 

M.L.r-';  (5> 

Work,  as  the  result  of  force  acting  upon  a  mass  along  a 
length,  that  is, 

M,L\T-^  (6) 

Thus,  successively,  from  Velocity  we  derive  the  idea  of  Ac- 
celeration; from  this  the  conception  of  Force;  and  from  the 
latter  the  definition  of  Work:  each  being  represented  by  a 

certain  value  and  combination  of  the  elementary  quantities— 
Length.  Mass.  and  Tirhe. 

The  electromagnetic  movements  of  the  ether  constitute 
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one  of  tlie  Forces  of  Nature  which  will  impart  Velocity  to  a 
Mass  and  thus  perform  Work,  precisely  as  the  Force  of  Heat 
in  steam  will  draw  n  train  with  varyin^  speed  (Acceleration) 
along  a  track;  so  that  the  results  of  electric  aiul  maL,nietic 
action  can  he  represented  by  the  same  elementary  quantities 
— Length,  Mass,  and  Time — as  the  efforts  of  mechanical  and 
physical  force.  But  while  we  measure  these  latter  forces  with 
a  single  system  of  units,  the  ethereal  force  has  a  double 
standard — the  electrostatic  and  the  electromagnetic— each 
based,  as  a  starting  point,  on  a  separate  and  distinct  concept 
tion  of  the  abode  of  the  Force;  the  first  has  the  force  exerted 
between  two  quantities  of  electricity — such  as  two  equal 
charges  on  tnetal  balls — as  its  basis;  and  the  second  has  the 
force  between  two  magnet  poles  for  its  foundation.  In  each 
system,  a  variety  of  units  arises  whose  names  usually  express 
tlu-  pecnliarity  of  their  origin:  tor  the  illustraliun  in  view, 
sonic  of  these  units  common  to  both  systems  will  he  traced 
from  their  sources,  that  is,  from  the  conception  of  Force  cx- 
pre.s>e(l  al)()\e  in  I.eni^-th,  Mass,  an<l  Time.  Incidental! v.  it 
may  be  stated  thai  when  these  are  made  specific  by  tlie  intro- 
duction of  the  C.G.S.  units,  a  third  system  has  arisen — the 
Ohm,  Ampere,  Volt,  Coulomb,  Farad,  Watt,  series  of  units; 
biu  with  these  we  have  no  necessary  concern' here. 

To  return  to  the  electrostatic  and  electromagnetic  sys- 
tems: the  units  common  to  both  which  will  be  specially  con- 
sidered are:  Quantity,  Potential,  Capacity,  and  Resistance; 
and,  except  the  6rst,  each  of  these  is  based  on  the  same  pri- 
mary factors,  thus:  Potential  in  both  systems  rests  on  Work 
and  Quantity:  Capacity,  on  Potential  and  Quantity;  and  Re- 
sistance, on  Potential  and  Current.  In  the  electromagnetic 
sy.sieni,  yuaniity  re>is  on  Current  and  lime — in  the  electro- 
static, on  Force  and  Distance. 

The  c/airnsfafic  sxstciii  and  its  (tcriiHtfii'CS. 

Qiiinitify,  (J:  let  Q  ami  Q'  represent  the  quantities  of  elec- 
tricity on  two  metal  balls  separated  by  the  distance  L  from 
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center  to  center;  it  has  already  been  proved  in  this  Treatise 
that  the  Force,     exerted  between  these  charges  is, 

let  the  charges  be  equal,  then 

^=f>  w 

or, 

ff^F.L^',  (9) 

whence 

Q  =  VfTU\  (lo) 

introducing  into  this  the  expression  for  Force  in  (5),  it  be- 
comes 

e  =  tW^^'^'^^).   ....  (II) 

or, 

0  =  ilf*,zl.  r-»  (12) 

Potential,  V:  it  is  evident  that  the  work,  W,  which  a  cer- 
tain quantity,  Q,  of  electricity  is  capable  of  performing  is 
equal  to  its  potential,  F,  multiplied  by  this  quantity,  that  is, 

V,Q  (13) 

whence 

r=:  JK.(2-»;   ....  (14) 

introducing  into  this  the  expressions  for  work  and  quantity 
from  (6)  and  (12)  respectively,  it  becomes 

or, 

r=   (16) 
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Capacity,  A  :  a  si)ecihc  quantity  of  electricity  on  a  sphere 
has  inalienably  linked  to  it  a  definite  potential;  if  the  sphere 
expands,  the  same  cpiaiitity  of  electricity  beinj^'  spread  over 
it  must  be  at  a  lower  potential,  and  it  it  contracts,  the  poten- 
tial rises:  the  sphere,  therefore,  has  a  certain  Capacity  A  for 
a  fixed  quantity  3  at  a  definite  potential  V;  that  is, 

Q  =  A,V,  (17) 


or, 


^  =  f;  (18) 

substituting  in  this  the  values  from  (12)  and  (16),  it  becomes 

or 

A=:L;  (20) 

that  is,  the  capacity  is  directly  dependent  on  a  linear  measure 
— ^the  radius  of  the  sphere,  as  is  otherwise  evident. 

Resistance,  R:  in  any  conductor,  the  current,  C,  which  may 
traverse  it,  is  dependent  on  the  difference  of  potential,  V,  be- 
tween its  ends  and  the  inherent  obstructive  nature  of  the  ma- 
terial itself — its  Resistance,  R]  that  is,  the  current  varies  di- 
rectly as  the  potential,  and  inversely  as  the  lebibtance,  or 

C=^  (21) 

whence 

^  =  ^5  (22) 

now  the  volume  or  qitatitity,  Q,  of  water  that  passes  a  point 
in  a  stream  is  equal  to  its  rate  of  flow  per  unit  of  time — ^that 
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is,  the  current — ^multipHed  by  the  duration  of  flow;  and  it  is 
the  same  with  a  current  of  electricity;  that  is, 

Q^C.T,  (23) 

whence 

C    "y^  *  ^2i^^ 

substituting  in  this  the  value  of  Q  from  (12),  it  becomes 

C  =  '-^  ,  .....  (25) 

or, 

C  =  i^/Kz.t.  r-^;  (26) 

then  putting  in  (22)  the  value  of  V  from  (16)  and  that  of  C 
from  (26),  equation  (22)  becomes 

R  =  •  " I*    ■    •    •     •  (27) 

that  is, 

R^L'KT.  (28) 

The  Electromagnetic  System  of  Units  in  terms  of  Length, 
Mass,  and  Time.    Quantity,  Q:4.he  quantity  of  electricity  in  a 

current  of  definite  duration  is  evidently  equal  to  the  rate  of 
flow — the  strength  of  current,  nuiltiplied  by  tlic  Lune  it  lasts, 
that  is, 

Q=C,T;  (29) 

but  the  strength  of  current  and  intensity  of  the  magnetic 

field  it  produces,  have  a  constant  ratio — as  the  one  waxes  or 

wanes,  the  other  i^ains  or  loses  intensity,  and  thns  a  cleter- 
minato  value  of  the  latter  becomes  an  index  of  the  former: 
now  a  field  prothiced  by  a  current  may  be  duplicated  in  every 
res])eci  by  tlic  pole  of  a  steel  mapfnet,  so  that  this  may  be- 
come indirectly  a  measure  of  the  current;  and  the  force  ex- 
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eited  between  the  poles  of  two  steel  magnets  is  expressed 
(as  previously  proved  in  this  Treatise)  by 

^--/T  (^^^ 

in  which  m  and  m'  represent  the  strength  of  the  poles  re- 
spectively and  L  the  distance  between  them. 

Thus  the  value  of  Q  is  traced  finally  to  the  force  between 
two  poles  of  permanent  mag^nets:  to  retrace  these  steps  and 

introduce  at  each  the  dimensions  oi  Length,  Mass,  and  Time, 
let  m  —  tn,  then 

^»  (31) 

whence 

m^VFTL*;  (32) 

substituting  in  this  the  value  of  F  from  (5),  it  becomes 


m  =  ^{M.L .  T-^){JJ)  =  ^M.  L\  T'\    .  (33) 


or 


m  =       ,L^,T-^  (34) 

If  the  force,  F,  exerted  between  two  equal  poles  as  de- 
noted by  (5)  be  divided  by  the  strength  of  pole,  m,  as  given 
in  (34),  the  intensity,  //,  of  the  field  is  obtained,  that  is, 

„  M.L. 

""^m^TlI^^  (^5> 

or, 

//=  J/i.X'K  T-K    ,    ,    .    .  (36) 

The  current  is  evidently  equal  to  the  intensity  of  field  multi- 
plied by  the  length  over  which  it  extends,  that  is, 

C=N.L;  (37) 

or,  by  means  of  (36), 

C=  iM^.L^,  T'')L,  ....  (38) 
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or 

C^^M^.L^.T-*  (39) 

and,  finally,  substituting  this  value  of  C  in  (29),  we  have 

Q  =  M^.Li  (40) 

Potential,  V:  in  the  dectromagnetic,  as  in  the  electrostatic, 
the  potential  is  equal  to  work  divided  by  quantity,  that  is, 

W 

introducing  into  this  the  value  of  W  from  (6)  and  that  of  Q 
from  (40),  it  liecomes  - 

^^~M\,ir  

or, 

r=if^.£*.r-«  (43) 

Capacity,  A:  this,  too,  like  the  similar  unit  in  the  other 
s>  stem,  has  for  its  basis,  the  quotient  of  quantity  by  potential, 
that  is, 

^-y*  (44) 

introducing  the  value  of  Q  from  (40)  and  that  of  V  from  (43), 

wc  have 

^=ira:T^'  •  •  •  •  ^*^> 

that  is, 

A=L-KT*  (46) 

Resistance,  R:  likewise  here,  resistance  has  the  same  fun- 
damental factors  as  in  tlie  electrostatic  system — the  quotient 
of  potential  by  current — that  is, 

ie  =  ^;  ........  (A7) 
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substituting  in  this  the  value  of  V  from  (43)  and  of  C  from 
(39),  it  becomes 

whence 

R^-L.T-^  (49) 

ao8.  The  signiflcance  of  v^**  the  fatio  of  the  two 
8et8  of  tmits. — Collecting  into  one  view  the  symbolic  ex- 
pressions  of  the  preceding  units  common  to  both  systems* 
and  dividing  the  electrostatic  by  the  electromagnetic,  the  re- 
sult appears  in  the  accompanying  Table  27:  columns. (i),  (2), 
and  (3)  contain  the  c(iuations  just  deduced  in  L.M.T. — di- 
mcn>i()n>:  eoluiiin  (4)  is  the  indicated  division  of  (2)  by  (3); 
column  (  5)  is  colinnn  (4)  reduced  10  its  lowest  terms,  and 
this  in  every  instance  coiUains  only  the  (liinensit)ns  L  and  T: 
now  Length  divided  by  Time  is  essentially  of  the  nature  of  a 
Velocity,  and  this  is  the  case  in  equations  (50)  and  (52);  by 
taking  the  reciprocals  of  (51)  and  (53),  the  same  result  ap- 
pears, "  V  "  simple  and  square  in  reciprocal:  but  the  matter 
may  be  otherwise  stated  as  follows: 
One  electromagnetic  unit  of  Quantity 

=  V  electrostatic  units;    •    •    *    •  (54) 

One  electrouia^ueuc  unit  of  Capacity 

electrostatic  units;    •    •    •    •  (5S) 
V  electromagnetic  units  of  Potential 

=  one  electrostatic  unit ;  •    •    •    •  ($6) 
electromagnetic  units  of  Resistance 

=  one  electrostatic  unit  (57) 

Thus,  it  is  always  a  7'clocity  that  is  obtained  in  passing 
from  consideration  of  electricity  in  a  quiet  state — as  a  static 
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charge  upon  a  metal  sphere,  which  is  tlic  origin  of  the  elec- 
trostatic system  of  units — to  consideration  of  it  in  motion — 
as  a  current  along  a  wire,  which  is  essentially  at  the  founda- 
tion of  the  electromagnetic  system:  therefore,  the  natural 
inference  is,  that  if  a  multitude  of  small  charged  bodies  should 
sweep  through  space  with  the  speed  of  an  electric  current, 
they  would  in  effect  constitute  such  a  current;  indeed  this  is 
realized  in  the  discharges  of  hii^^h  vacua,  where  the  residual 
particles  of  niaiier,  burdened  with  electricity,  stream  from 
the  cathode  to  the  anode  in  a  luminous  ])and  that  is  waved 
about  by  means  of  a  magnet  as  if  it  were  a  tiexible  wire  carry- 
ing a  current. 

And  ogiiin,  this  lact  has  been  proved  directly  by  charging  a 
gilt  ebonite  disc  icith  static  electricity  and  (i'^'ing  it  rapid  rotation, 
when  it  affected  a  suspended  magnetic  needle  as  a  feeble  circular 
current  woidd. 

The  velocity  of  column  (6)  is  the  great  physical  constant 
**  V  " — ^the  velocity  with  which,  according  to  Maxwell,  an 
electromagnetic  disturbance  is  propagated  through  space; 
that  is,  "if  a  sudden  difference  of  magnetic  potential  be 
caused  at  any  point,  the  disturbance  due  to  it  will  be  felt  at 
any  other  point  after  an  interval  which,  on  being  compared 
with  the  <iisUince  hclwcen  the  p<»inlb,  shows  the  disturijauce 
to  have  been  propajjated  with  this  velocity." 

While  il  is  pus^ible  tu  devise  means  of  measuring  this 
velocity  directly,  still  "  the  indirect  method  of  conijiarison  of 
units  is  as  certainly  a  measure  of  the  velocity  of  the  disturb- 
ance, and  is  capable  of  far  greater  accuracy  than  is  ever  Hkely 
to  be  attained  by  the  direct  method." 

The  quantity  **  v  is  of  such  importance  to  the  theory 
under  consideration,  that  further  illustration  of  it  (following 
in  effect  Maxwell)  will  be  given:  let  there  be  two  small  gilt 
balls  fixed  on  little  carriages  that  move  upon  parallel  rails  sep» 
a  rated  by  a  short  distance;  let  the  balls  be  charged  with  the 
same  quantity  of  the  same  kind  of  electricity;  while  at  rest, 
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there  will  be  a  certain  force  of  repulsion  between  them;  now 
start  the  carriages  in  rapid  flight — sucii  velocity,  in  fact,  that 
the  charged  balls  become  elements  of  electric  currents  cours* 
ing  along  the  rails;  at  this  stage,  their  repulsion — when  at 
rest — has  given  way  to  attraction,  as  elements  of  currents 
flowing  in  the  same  direction,  and  the  speed  that  has  wrought 
this  change  is  the  velocity  **  v"  The  following  is  a  proof 
of  thi5  statement:  let  a  represent  two  kngihs  of  parallel  cur- 
rents whose  numerical  values  are  c  and  in  electromagnetic 
measure,  and  b  the  distance  between  them;  as  they  flow  in  the 
same  direction,  the  attractive  force  f  is 

Let  the  length  a  be  so  chosen  that 

2a  =  by  then  /=£■./  (59) 

If  z'  be  the  number  of  electrostatic  units  in  one  electromag- 
netic unit,  then  \v<j  h.ive  Lu  prove  ihai  v  is  a  velocity. 

The  cpiantity  of  electricity  transmitted  by  a  current  c  in 
a  time  t,  is  c  .  t  in  electromagnetic  measure,  and  therefore 
V ,  c .  t  in  electrostatic  measure,  since  one  nf  the  former  is 
7'-times  the  latter.  Let  q  and  q  be  the  static  charges  im- 
parted to  two  gilt  balls  in  the  time  /  by  the  currents  c  and  c' 
respectively;  d  the  distance  separating  the  balls;  and  f  the 
repulsive  force  between  them — ^repulsive,  because  electricity 
of  the  same  kind;  then  the  charges  on  the  balls  in  electro*^ 
static  measure  are: 

q  ^  v,€,tt     .    .    .    .    .    .  (60) 

and 

^  =  v.   (6i> 

and  the  repulsive  force  is 

_  (v.€.t\v,c'.t)  _  q,  q' 
J   —  ^  —        ,    .    .    .  102; 
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or 

f- — — •  .  •  .  .  .  (63) 

Let  the  distance  d  be  varied  until  this  electrostatic  repulsion 
equals  the  electromagnetic  attraction,  that  is  /  =  whence 
from  (59)  and  (63), 

^-  ^  Ji  »  ipA) 

or 

=v',0   .  (65) 

or, 

d  ^v.t  (66) 

or, 

d 

V  =   (67) 

that  is,  V,  the  number  of  electrostatic  units  in  one  electro- 
magnetic unit,  is  equal  to  a  distance  d  divided  by  a  time  / — 
which  is  a  velocity;  and  the  absolute  magnitude  of  this  is  the 
same  whatever  the  specific  units  adopted. 

209.  The  specific  inductive  capacity  {K)  and  magnetic 
pemeability  — A  cubic  centimetre  of  gold,  silver,  or  any 
other  substance  placed  in  counterpoise  to  an  equal  volume  of 
distilled  water  at  4""  C,  will  have  a  different  weight  from  it: 
regarding  the  water  as  a  standard  of  comparison,  the  relative 
"weights  01  t)tlicr  substances  are  expressed  by  a  ratio,  called 
their  specific  gra\ily,  as,  for  instance,  19.3  fur  gold,  7.8  for 
iron,  and  2.1  for  sulphur. 

So.  with  the  Specific  Inductive  Capacity  and  the  Mag- 
netic Permeability — they  are  ratios,  denoted  by  A'  ami  //  re- 
si)ectively — the  former  to  express  tlie  susceptibility  of  mat- ^ 
ter  to  electrical  phenomena;  the  latter,  to  magnetical. 

Consider  a  Leyden  jar:  it  is  essentially  a  glass  bottle 
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coated  inside  and  out  with  tin-foil;  it  may  be  charged  with 
electricity,  and  has  a  maximum  capacity,  beyond  which  there 
will  be  an  overflow.  If  two  concentric  rolls  of  tin-foil,  iden- 
tical with  those  of  the  jar,  be  separated  by  a  space  hlicd  wuh 
air  at  a  temperature  of  o"  C.  and  pressure  of  760  mm.,  this, 
also,  will  constitute  a  Leyden  jar — an  air  jar.  if  one  may  so 
call  it — of  definite  electrical  capacity;  let  the  (piantity  that 
will  charge  it  to  the  full  be  denoted  by  unity:  then  by  suc- 
cessively replacing  the  air  between  the  two  rolls  of  tin-foil  by 
an  equal  thickness  of  mica,  glass,  ebonite,  etc.,  it  may  be  seen 
wheth^  the  same  quantity  of  electricity- — or  more,  or  less — 
that  charged  the  air  jar  to  the  utmost,  will  do  the  same  for 
the  others;  and  it  will  be  found  that  it  will  not,  but  that  about 
six  times  as  much  is  necessary  for  the  mica  jar,  three  times  as. 
much  for  the  glass  jar,  twice  as  much  for  the  ebonite  jar,  and 
so  on;  that  is,  these  numbers — known  as  Dielectric  Constants 
— ^the  ratio  K — express  the  specific  capacity  of  mica,  glass, 
and  ebonite  (compared  witli  air  as  unity)  to  recei\e  electric 
strain;  and  tlie  substances  tlieniselves — the  recipients  of 
strain  between  the  tin-luil  conductors — are  called  Dielectrics. 

Similarly  (to  illustrate  Mair"^f'<^  Permeability)  consider  a 
tubular  C(ti1  of  wire — a  solenoid,  alive  with  cleciriciiv;  the 
core  is  pervaded  by  a  magnetic  field  of  definite  intensity  rep- 
resented by  a  specific  number  of  lines  of  force — ^the  air  in  the 
core  admits  that  number  and  no  more.  Let  a  cylinder  of 
cobalt  fill  the  core,  and  more  lines  of  force  will  gather  into  it 
than  when  only  air  was  there — ^the  field  will  be  more  intense. 
Replace  the  cobalt  by  a  cylinder  of  nickel  of  equal  size,  and 
still  more  lines  of  force  will  crowd  in  upon  this  with  a  result- 
ing stronger  field.  Finally,  insert  a  rod  of  soft  iron  of  like  di- 
mensions and  air  the  lines  of  force  possible  will  seek  transit 
through  it — the  field  will  be  the  most  intense  attainable.  This 
varying  held  being  measured  when  iron,  nickel,  and  cobalt 
successively  fill  the  core,  affords  numbers,  which,  comi)ared 
with  air  taken  as  unity  and  a  standard,  become  ratios  denoted 
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by  that  express  the  relative  permeability  of  lliese  sub- 
stances to  magnetic  induction. 

210.  Indirect  methods  of  determining  "  — The  ve- 
locity of  wave-motion  depends  on  two  properties  of  the  me- 
dium in  which  it  occurs — the  elasticity  and  density:  neither 
of  these  has  been  determined  for  the  ether  by  itself,  only  for 
its  condition  in  connection  with  other  matter,  and  this  only 
in  relative  measure  for  difiFerent  substances,  compared  with 
air. 

In  all  media,  the  velocity  of  wave-motion  is  expressed  by 
the  formula, 

/elasticity 

*'=V  density  -     '    "    '    •    •  (^«) 

so  that  if  we  consider  the  elasticity  of  a  substance,  its  facility 
to  transmit  motion,  it  then  is  in  direct  opposition  to  its  ca- 
pacity for  strain,  that  is,  to  its  specific  inductive  capacity — its 
dielectric  constant,  K',  for  if  ebonite  will  admit  more  electric- 
it)  than  air  does  to  chdim.  it  to  the  same  potenua,.  and  glass 
more  tlian  ebonite,  and  mica  still  more,  it  is  clear  tliat  their 
specific  inductive  capacity— their  retention  of  strain — their 
?<«willingness  to  transmit  motion,  is  in  this  order,  and  there- 
fore inversely  to  their  electrical  elasticity:  hence,  represent- 
ing electrical  elasticity  by  iSr,  we  have 

*  =  ^  (69) 

Coincident  with  every  electrical  movement  is  the  mag- 
netic field,  spreading  out  at  right  angles  to  the  direction  of 
the  current,  retanling  its  c:rovvth  as  well  as  preventing  its 
sudden  collapse — a  kind  of  fly-wheel;  and  the  varied  degree 
of  this  in  different  media  is  the  magnetic  permeability,  >u ;  and 
since  it  acts  as  a  drag,  it  performs  the  function  of  inertia — ^a 
synonym  of  density. 

Thus,  for  electromagnetic  wave-motion,  we  have  in  ether 
the  specific  inductive  capacity.  K,  or  its  reciprocal,  rather. 
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—  =  /?,  corresponding  to  elasticity  in  other  media,  and  mag- 
netic permeability,  answering  to  density  in  those  sub- 
stances; so  that  introducing  these  quantities  into  (68)»  it  be- 
comes 


substituting  iii  this  the  value  of  k  from  (69),  we  have 

n    

/  A'         /  A'        /II        /  • 


<7«) 


Relative  numerical  values  of  K  and  have  been  deter- 
mined time  ami  a^^'lin  for  almost  all  substances;  k  thence  be- 
comes known  by  (^x;);  its  ratio  to  //is  the  velocity  of  an  elec- 
tromagnetic wave  in  the  ether  dependent  upon  the  electrical 
elasticity  and  maj^netic  density  of  the  medium  as  expressed 
by  the  general  principle  of  equation  (68):  but  K  is  determined 
in  electrostatic  measure  and  ^  in  electromagnetic,  hence  the 
ratio  of  k  to  /<  (since  k  is  deduced  from  K)  is  in  reality  the 
ratio  of  the  two  systems  of  units  in  Table  27,  so  that  the  v 
obtained  there  as  that  ratio  is  identical  with  the  v  resulting 
from  equation  (  71 );  and  thus  it  becomes  clear  how  comparison 
of  the  units  in  both  systems  of  measure  affords  the  velocity 
of  an  electromagnetic  wave  in  the  ether. 

Before  stating  methods  of  comparinq^  ilic  units  in  both 
systems,  it  may  be  well  to  fix  the  ideas  a1)ont  measuring  K, 
by  a  single  illustration.  In  Fig.  366,  P  and  P'  are  two  metal 
plates  with  wires  a  and  b  terminating  in  the  small  balls  that  are 
separated  by  an  air-gap  at  G ;  M  and  M'  are  two  similar  plates 
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parallel  to  the  former  but  not  in  contact  with  tliem;  from  M 
and  M'  extend  parallel  wires  wik' ,  thirty  centimetres  apart,  to 
a  distance  of  more  than  a  thousand  centimetres:  at  their  ends 
the  flexible  wires  f  and  connect  with  circular  metal  jjlatcs 
A'  and  A''  about  twenty  centimetres  diameter;  these  plates 
are  so  arranged  that  the  distance  between  them  may  be  va- 
ried without  disturbing  their  parallelism;  T  is  a  vacuum-tube 
spanning  the  wires,  anrl  whicli  may  be  movetl  along  them. 

The  balls  at  being  connected  with  the  poles  of  an  in* 
duction-coil>  or  to  the  coatings  of  a  Leyden  jar,  at  L,  when 
discharge  takes  place,  a  spark  jumps  the  gap  with  a  succes- 

^  Ri! 

Fig.  366. 

sion  of  diminislmig  electrical  oscillations  between  the  ])alls 
as  indicated  by  ilie  arrows  C  and  D\  coincident  with  these 
arises  the  magnetic  field  by  a  corresponding  series  of  pulses 
along  a  and  fr,  charging  the  plates  P  and  P\  which,  in  turn, 
by  induction  across  the  air-space»  charge  M  and  M\  and  thus 
continue  onward  along  the  wires  the  succession  of  magnetic 
waves  indicated  by  the  arrows  H  and  H'.  These  waves  have 
points  of  maxima  and  minima— characteristics  of  all  undu- 
latory  motion:  according  to  the  capacity  for  strain  of  the 
medium  between  AT  and  "N* — ^whether  of  air,  glass,  sulphur,  or 
some  other  substance,  such  also  will  be  the  degree  of  charge 
the  plates  A'  and  A"  will  accept,  with  corresj)ondin_i^  length  of 
wave;  for  this  depends  n|)oii  the  electrical  capacity  of  the 
space  between  A'^  and  A  '.  Tims,  the  length  of  wave  being 
measured,  becomes  an  index  of  the  specific  inductive  capa- 
city of  the  substance  between  A'  and  N\  that  is,  a  value  of  K. 
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To  measure  the  length  of  wave,  the  vacuum-tube  T  is  slid 
along  the  wires — ^it  will  glow  at  the  summit  of  each  ventral 
segment,  fade  on  each  side  of  it,  find  become  dark  at  a  node. 
To  compare  units  of  the  electrostatic  system  with  those 

of  the  electromagnetic,  the  general  principle  of  all  methods 

is  to  measure  the  same  thing  in  both;  different  :.iunLTical 
values  are  tlius  ohtained,  and  the  ratio  of  these  is  in  specitic 
terms  the  velocity  v,  wliicli  w  a^-  obtained  in  Table  27  in  gen- 
eral terms.  The  following  three  methods  will  illustrate  the 
procedure: 

First,  by  measuring  Quantity:  the  quantity  of  electricity 
that  a  Leyden  jar  contains,  is  obtained  in  electrostatic  meas^ 
ure  from  the  difference  of  potential  between  its  coatings  as 
indicated  by  an  electrometer;  it  is  found  in  electromagnetic 
measure  by  discharging  the  jar  through  a  ballistic  galvanom- 
eter, and  the  first  swing  of  its  needle  affords  data  for  cal- 
culating the  quantity  of  current  that  passed  through  the  coil: 
the  ratio  of  the  numbers  representing  the  quantity  in  both 
measures  is 

Second,  by  measuring  PotiUtial:  this,  as  in  ilic  first 
case,  is  done  directly  in  electrosia.ic  measure  by  means  of  an 
electrometer  connected  with  the  two  coatings  of  a  Leyden 
jar;  to  obtain  the  >aine  in  electromagnetic  mencure.  it  is 
known  that  electromotive  force  (li.M.F.),  or  i)oteniial  dif- 
ference, is  equal  to  the  product  of  current  and  resistance,  both 
of  which  are  readily  determined  ;  and  then,  as  in  the  first  case, 
the  ratio  of  the  potential  by  both  systems  is  v. 

Third,  by  measuring  Force:  that  of  electrostatic  attraction 
between  two  oppositely  charged  discs  is  balanced  against  the 
electromagnetic  repulsion  between  two  spiral  bands  of  known 
resistance  through  which  currents  flow;  and  again  the  ratio 
of  the  force  by  both  is  v. 

The  result  of  the  best  dcternunations  of  v — the  veloc- 
ity of  an  electromagnetic  wave  in  air — by  the  various  meth 
ods  described,  is  2.9857  X  10**^  centimetres  per  second;  and 
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the  most  accurate  measurement  of  the  velocity  of  light  in  air 
is  3.0031  X  lo***  centimetres  per  second:  the  difference  being 
only  0.017.  it  is  safe  to  say  that,  in  view  of  the  proven  inti- 
luaie  relationship  otherwise  existing  between  luminous  anil 
electromagnetic  phenomena,  they  are  due  to  a  compound  mo- 
tion of  the  same  medium. 

211.  Direct  methods  of  measuring  v, — ist:  w  hen  elec- 
tromagnetic waves  arise  from  the  sparks  of  a  Leyden  jar,  they 
travel  onward  as  indicated  by  the  arrows  ////'  in  Fig.  366; 
meeting  any  circuit,  as»  for  instance,  the  small  loop  of  wire  E 
with  an  air-gap,  they  induce  in  it  a  current  which  leaps  the 
gap  as  a  spark;  if  the  instant  of  the  two  flashes  be  noted» 
that  at  G  and  that  at  and  their  diistance  apart  be  measured, 
we  evidently  have  the  factors  that  determine  the  velocity  of 
the  waves.  But  the  interval  between  the  primary  and  the 
secondary  sjiark  is  so  small  that  they  appear  simultaneously 
to  all  mtihotls  of  observation. 

jil:  referring  again  to  Fig.  36(),  if  the  electromagnetic  un- 
dulations be  rdlcctcfl  back  upon  them-elvcs  by  means  of  a 
large  met:il  ^^creen  placed  at  .V  tif^rmally  to  their  direction, 
this  will  convert  them  into  standing  waves;  their  nodes  and 
crests  may  be  explored  with  a  glow-lamp,  and  the  length  of 
wave  determined:  their  frequency  may  be  calculated  from 
certain  (obtainable)  data  regarding  their  source,  and  hence 
V  is  found  from  the  length  of  wave  and  its  frequency  per 
second. 

3X2.  A  luminotts  and  an  electromagnetie  undulation 
liaye  the  same  yelodty  in  transparent  media. — In  order 
to  establish  this  fact,  it  will  be  necessary  to  explain  what  is 
meant  in  Optics  by  the  Index  of  Refraction.  Consider  Fig. 
367:  it  rejiresent^  <i  ;L;radu<'iled  circle  njjon  which  two  arms 
ON  and  OP  move  independently  a»  radii;  attached  to  each  is 
a  graduated  ruler,  which  moves  with  the  arm  so  as  to  be  al- 
ways perpendicular  to  the  verticrd  diameter  AD\  at  is  a 
semi-cylinder  of  glass — it  may  be  solid,  or  hollow,  and  in  the 
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latter  case  may  l)e  tilled  with  liquid,  or  even  gas,  by  having" 
an  air-tight  cover;  a  mirror  M  and  screen  A'  are  fixed  on  one 
arm,  and  a  reflector  /'  on  the  other;  these  attachments,  to- 
gether with  B,  are  all  set  normally  to  the  plane  of  the  circle, 
the  surface  of  B  being  at  its  center. 

When  a  ray  of  sunlight  is  reflected  by  the  mirror,  it  pro- 
ceeds through  a  hole  in  strikes  the  surface  of  B,  and  passes 
in  part  through  it,  and  in  part  on  the  opposite  side  of  AO  by 
reflexion:  the  part  that  passes  through  B  is  not,  however,  a 


« 


Flo.  367. 


prolongation  of  the  straight  course  from  ^  to  0,  but  is  de- 
viated, so  that  the  reflector  P  will  have  to  be  moved  in 
order  to  receive  the  transmitted  image  of  the  ray;  and  the 
amount  of  motion  of  P  will  vary  with  the  substance  at  B — ^it 
will  be  one  thing  with  solid  glass,  another  with  diamond,  still 
another  with  water  in  a  hollow  vessel,  and  again  different 
with  other  ]i(iui(ls  or  gases. 

Under  all  circumstances,  the  angle  of  incidence  /  and  of 
refraction  r — tlie  two  directions  of  the  ray — are  observed  on 
the  circle,  and  their  sines  are  read  off  on  the  rulers:  it  is  found 
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l>y  experiment  that  however  these  angles  may  vary,  their 
ratio  is  constant  for  the  same  suhstance*  while  differing  from 
one  substance  to  another;  this  ratio  is  called  the  Index  of  Re- 
fraction and  is  denoted  by    so  that 


If,  while  retaining  the  same  ani;lc  of  incidence  /,  we  place 
various  substances  successi\cly  at  B,  each  more  dense  than 
tlie  preceding,  the  angle  of  refraction  r  will  steadily  decrease 
with  each  new  substance;  hence  it  is  inferred  that  the  (leitsity 
of  the  substance  constitutes  some  barrier  to  the  free  passage 
of  the  ray.  Since  an  mcrease  of  density  entails  a  (A'crease  of 
r,  we  have  from  (72)  a  corresponding  titcrease  of  n — that  is,  n 
varies  directly  as  the  obstrttctivc  property  of  the  medium.  The 
converse  of  this  may  be  stated  as  the  facility  to  transmit  the 
ray — ^the  ttoff-obstructiveness  of  the  medium*  which  therefore 
must  vary  inversely  as  n — ^that  is,  the  velocity  v  of  a  luminous 
wave  in  any  medium  is  inversely  as  n,  or 


This  is  entirely  analogous  to  (71),  and  the  conditions  and 
reasoning  that  lead  np  to  the  two  ecjuations  are  similar  in 
both  cases,  the  one  for  Light — the  other  for  Electricity: 
hence  if  these  be  clue  to  a  coni|)ound  motion  of  the  ether, their 
velocities  must  be  the  same  in  each  medium;  that  is,  equating 
the  value  olv  iniji)  and  (72),  we  have 


(73) 


I 


I 


(74> 


or, 


(75) 


or, 


(76) 
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As  previously  explained,  botli  and  K  can  be  measured  rela- 
tively to  air,  the  former  for  Light— ?it  is  the  Index  of  Refrac- 
tion, the  latter  for  Electricity — it  is  the  Specific  Inductive 
Capacity;  fi,  the  Magnetic  Permeability,  is  considered  con- 
stant— does  not  affect  relative  values— and  therefore,  for 
these  we  may  write 

»'  =  Ar.  (77) 

Table  28  gives  the  values  of and  K  for  a  few  substances. 


Table  28. 

(i)  Suteunce. 

(a)  State. 

(3)  A'. 

(4)  »• 

(})  Differences. 

Bisulphide  of  carbon.. 

Solid. 

Soli.i. 

Solid. 
Liquid. 
Gas. 
Gas. 

4. 151 
3.320 
1.81a 

1 .000 
1 .000 

2.796 
4.024 
3.330 
2.6o6 

1 .000 
1 .000 

0.366 

0. 127 
O.OIO 

0.794 

0 .  oi  0 

0.000 

That  there  should  be  the  agreement  in  the  velocities  indi- 
cated by  the  small  differences  of  column  (5)  is  most  remark- 
able. 

"  In  some  cases  the  speeds  are  accurately  the  same,  in 
no  case  are  they  entirely  different;  and  in  those  cases  where 
the  agreement  is  only  rough,  an  efficient  and  satisfactory  ex- 
planation of  the  difference  is  to  liand  in  the  very  different 
lengths  of  wave  which  have  at  prcsenL  Lteen  subniiued  to  ex- 
periment. 

"  To  compare  the  speeds  properly,  we  must  either  learn 
to  shorien  electrical  waves,  or  to  lengthen  light  waves,  or 
bulh,  and  then  compare  the  two  things  together  when  of  the 
same  size,  it  caniwt  be  seriously  doubted  that  they  will  turn 
out  identical."   (Prof.  O,  J.  Lodge.) 

Thus,  the  vital  question — ^Are  Light  and  Electricity  one 
and  the  same  movement? — ^is  answered  almost  irrefutably  in 
the  affirmative. 
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ai3.  A  method  of  makixig  the  L.M.T.  indices  whole 
nninbeFB. — By  referring  to  equations  (7)  and  (30) — ^both 
expressions  for  Force,  the  former  in  the  electrostatic  system 
and  the  latter  in  the  electromagnetic,  and  each  the  founda- 
tion of  its  respective  system — it  will  be  seen  thai  no  factor 
enters  ti)  represent  the  medium  in  which  the  force  is  exerted; 
but  this  cannot  be  ignored,  for  it  makes  a  great  difference 
whether  tlie  entire  space  l)etween  the  two  centers  of  force  be 
pervaded  by  common  air,  c^r  pure  oxvi^en.  or  some  otlier 
medium  in  a  soHd,  Hquid,  or  gaseous  slate:  all  these  will 
change  the  degree  of  force  that  may  be  measured,  and  vari- 
ously. From  this  omission  to  consider  the  effect  of  the  me- 
dium in  the  basic  unit  of  each  system,  have  arisen  those  frac- 
tional  dimensions  in  Table  27:  they  are  incongpnious  and 
without  physical  meaning.  If,  however,  in  equation  (7)  K  be 
introduced  as  the  dielectric  constant  of  the  medium,  and  in 
(30)  fi  as  the  permeability,  the  exponents  might  be  made 
rational  if  the  dimensions  of  K  and  fi  were  known;  but  they 
are  not:  it  has  been  shown,  however,  that  the  exponents  can 
be  made  rational,  "  and  the  two  sets  of  units  brought  into 
ai^reement  by  assuming  that  the  product  has  the  dimen- 
sions of  the  reciprocal  of  the  uquare  of  a  velocity,  or 

V  =   (78) 

or 

=   (79) 

(Prof.  Rucker). 

In  vol.  34  of  the  London  Philosophical  Magazine,  there 
is  an  elaborate  article  by  Prof.  W.  Williams  on  a  method  of 
expressing  by  dimensional  formulao — ^that  is,  in  terms  of 
L.M.T. — ^all  the  quantities  that  arise  in  electromagnetic 
phenomena,  in  such  way  that  these  formulae  become  the 
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analog"iie  of  those  in  chemical  reactions — capable  of  dynam- 
ical interpretation,  just  as  the  chemical  formulae  denote  the 
constituents  of  a  compound. 

A  few  of  the  matters  treated  in  the  article  will  be  pre- 
sented here,  not  with  the  view  of  giving  a  connected  outline 
of  the  writer's  reasoning,  but  merely  to  state  some  facts  that 
bear  on  the  subject  of  this  Chapter. 

As  the  quantities  /i  and  K  should  be  regarded  as  express- 
ing physical  i)n jperties  of  the  medium  (the  ether),  their  joint 
dimensions  are  from  (79), 

^ '  M  =       =  j^tj^-  i  =  -^"^^  »  '    '    •  i^^) 

that  is,  of  the  nature  of  an  inverse  velocity,  or  slowness. 

Although  and  K  are  quantities  of  the  same  order,  both 
being  capacities^  their  dimensions  need  not  necessarily  be  the 
same,  unless  electrification  and  magnetization  be  one  and 
the  same,  which  they  probably  are  not;  the  former  being, 
very  likely,  a  strain  and  the  latter  a  vortex  motion  of  the 
ether,  and  then  /i  and  bearing  similar  relations  to  different 
phenomena,  should  have  dissimilar  dimensions:  the  fact  that 
the  dimensions  of  the  electrical  and  magnetic  quantities  be- 
ing different,  as  seen  in  Table  27,  arises  only  from  our  igno- 
rance of  the  individual  dimensions  of  /i  and  K,  which  must  be 
such  as  to  bring  the  two  systems  into  accord  when  ultimately 
expressed  in  terms  of  L,  M,  and  T. 

The  rational  measure  of  an  angle  is  —  where  s  is  the  arc 

T 

described  by  the  radius  r,  and  6  the  angle  corresponding  to  s\ 
and  60  being  elements  of  both,  we  have 


and 


s  =  26s,  . 
2Ss  6s 


(81) 
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Let  r  be  measured  along  the  axis  of  X,  then,  since  Ss  is  always 
an  element  at  right  angles  to  r^ds  will  be  measured  along 
Y  or  Z.  If  these  directions  (X»  Y,  Z)  be  carried  ahng  with  r 
— ^that  is,  if  we  take  instantaneous  axes  at  every  point  of  the 
arc — the  axes  bearing  the  same  relation  to  the  radius  and 
tangent  at  every  point,  we  get 


66=  ^, 


and 


0  = 


26  Y 


(84) 


To  express  these  dimensionally.  wc  have  to  omit  the  siq-n  of 
summation-^  ;  for  a  dimensional  formula  expresses  the  nature 
of  a  quantity,  not  its  magnitude;  and  the  same  formula  must 
therefore  apply  to  both  8  and^^;  the  dimensions  of  H  and  60 
are,  then  YX'^;  and  from  this  may  be  easily  derived  the 
dimensional  formula  of  angular  velocity,  angtUar  accelera- 
tion, etc. 

X 


Imagine  water  issuing  from  the  summit  of  ground  that 

falls  away  gradually  on  every  side — this  is  a  source;  imagfine 
it  flowing  into  a  hole  in  an  area  that  descends  uniformly  all 
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round — this  is  a  sink:  sources  and  sinks  are  technical  terms 
in  the  analytical  treatment  of  the  How  of  liquids.  A  vortex 
ring  combines  in  itself  the  symbol  of  both  source  and  sink» 
for  there  is  an  oufward  movement  on  one  side  and  an  inward 
on  the  other.  An  electromagnetic  displacement  likewise  sim- 
ulates both  source  and  sink,  and  vortex  motion:  consider 
Fig.  368;  the  electrical  displacement  is  round  the  dotted  line 
A,  while  surrounding-  fts  entire  circuit  are  circles  of  magnetic 
induction — the  axes  of  vortex  riiiLTs  as  indicated  at  B.  The 
north  pole  of  a  magnet  may  l)c  considered  analogous  to  a 
source — an  ofz/flow:  the  sontli  pole,  a  sink — an  //illow. 

•If  m  and  q  l)e  point  sources  of  magnetic  induction  and 
electrical  displacement  respectively,  the  measure  of  each  at  a 
distance  r  from  the  sources,  if  the  fluxes  emanate  equally  in 
all  directions,  is: 


and 


where  B  and  D  are  the  densities  of  the  fluxes  over  spherical 
surfaces  enclosing  the  sources.  Let  B  =  it,  H  and  D  = 
K .  £,  where  /i  and  K  represent  physical  properties  of  the 
medium;  then  from  (85)  and  (86), 


and 


^=;-i^  


^-^•i?  


Now  H  and  £  express  the  strength  of  the  fields  produced  by 

the  fluxes  m  and  $  al  the  distance  r;  hence  ^  and  ~  express 
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the  strcngtli  of  the  sources.  Multiplying  (87)  and  (88)  re- 
spectively by  m  and    we  get 

-'■"-h^  


and 


but  Ml .  //  is  the  force  experienced  by  a  magnet  pole  m  when 
placed  in  a  field  of  strength     and  similarly  for  g .  £;  hence 


and 


^m  =  ^*^  =  -*-^  (9O 


F.^q.E  .    .    .  (92) 

where  and  are  respectively  the  forces  between  two 
poles  or  two  charges  9,  at  the  distance  t  apart.  In  other 
words,  since,  in  expressing  the  force  between  two  poles  or 
two  charges,  we  have  to  regard  each  pole  or  charge  as  an 
isolated  point  source  of  displacement,  we  should  regard  the 
one  pole  or  charge  as  producing  radially  a  Held  of  given 
strength  antl  then  express  the  force  experienced  by  the  other 
when  placed  in  this  field.  If  now,  from  (91)  aiul  (yjj  we 
detluce 


w  =  r  ^f^ni^F^,  (93) 

and 

q  =  r  i  4^KF^  (94) 

and  make  this  m  and  q  the  unit  pole  and  unit  charge  instead  of 
m  —  r  V/t/\„  aiul  (j  =  r  VA'F^,  as  is  usual,  the  effect  is  to  dis- 
tribute    ill  electromagnetic  equations  as  a  wliole. 

It  is  found,  however,  that  all  those  relations  into  wliirh 
it  is  now  made  to  enter  depend  upon  and  involve  the  con- 
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sideration  of  circuital  or  radial  fluxes,  and  n  obviously  enters 
as  a  plane  or  solid  angle  in  connection  with  circles  and 
spheres  of  reference:  it  has  thus  a  definite  physical  meaning, 
and  IS  always  definitely  related  to  the  other  quantities  in  the 
relation. 

The  relations  made  use  of  in  deducing  the  dimensions  of 
electromagnetic  quantities,  may  exist  between  those  of  the 
same  kind — either  purely  electrical,  or  purely  magnetic;  or 

they  may  he  between  quantities  of  different  kinds — as  be- 
tween magnetic  and  electrical;  or*tliey  may  be  dynamical  re- 
lations. 

The  purely  magnetical  relations  can  be  expressed  by  cer- 
tain formuhc:  so  can  the  dynamical;  then  by  particular  ones 
of  bf>th  we  can  express  in  terms  of  A",  F.  Z.  T,  and  om 
selected  quantity,  the  dimensions  of  all  the  other  relations. 
The  only  useful  cases,  however,  are  those  in  which  the  se- 
lected quantities  are  either /i  or  /C,  for  these  express  physical 
properties  of  the  medium  at  a  points  and  are  independent  of 
the  electromagnetic  reactions  going  on  there.  The  dimen- 
sions in  terms  of  >i  are  obtained  by  starting  with  the  relation, 
fi,fP  =^  energy  per  unit-volume;  and  similarly  for  the  dimen- 
sions in  terms  of  K. 

Since  the  dimensions  have  to  he  deduced  by  means  of 
a  connected  system  of  equations,  it  becomes  necessary  to 
make  choice  of  suitable  axes.  T.et  .Y  be  the  axis  of  electrical 
(li>l»lacement  and  V  that  of  niai^netic;  they  arc  mutually  at 
right  angles,  and  Z  is  at  right  angles  to  both,  being  the  in- 
tersection of  the  electric  and  magnetic  equipotcntial  surfaces. 

Let  this  relation  hold  good  for  every  point  of  the  medium, 
so  that  the  axes  constitute  an  instantaneous  system  at  every 
point. 

In  passing,  therefore,  from  point  to  point  in  the  medium 
and  for  different  epochs  at  the  same  point,  the  axes  and  the 
displacements  preserve  their  relative  directions,  while  their 
absolute  direction  in  space,  in  general,  alters. 
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In  Fig.  368,  let  AO'  be  a  closed  electric  circuit  and  BO  a 
corresponding-  closed  magnetic  circuit.  l)oih  l)einj>-  circles  in 
planes  at  right  angles  to  each  other.  Taking  instantaneous 
axes,  every  element  of  the  circuit  AO'  is  6x  and  of  the  circuit 
BO  is  8y.  while  an  element  of  the  intersection  of  the  planes  of 
the  circuits  is  ds.  The  length  of  the  circuit  AO'  is  26x  and  of 
the  circuit  BOt  26y,  while  the  surfaces  of  the  circuits  are 
and  S{9ydz)*    We  have,  therefore: 

Circuitation  H     ^{Ndj^)  -  Ci  .  .  (95) 

Circuitation  E  =  2{E6x)  =  £;  .  .  (96) 

Surface  integral  of  Z>  =  ^{Ddyds)  =  ^;  ,  ,  (97) 

Surface  integral  of  S  =  2{B6jc6s)  =  iw.  .  .  (98) 

To  express  these  (limensionally,  we  have  to  neglect  the  sum- 
mation sign  and  substitute  for  d^,  dy,  6z  \  X,  V,  Z  re- 
spectively: and  then  the  magnetical  relations  in  L.M.T.  are 
deduced;  and  from  them  both  the  electromagnetic  and  the 
electrostatic  systems  are  derived  in  dimensions  L,.M.T.,  and 
these  equations  are  then  mutually  convertible  by  substituting 
the  value  of  ;i  for  K,  and  the  converse. 

The  energy  of  the  medium  at  any  point  may  be  expressed 
l>y  2m  (X*  -h  +  Z*)  =  2(mr^),  where  r  is  the  instanta- 
neous  linear  displacement  upon  which  both  the  electric  and 
the  magnetic  displacements  at  that  point  depenii;  for  the  two 
laws  of  circuitation  express  that  these  arc  not  separate  but 
originate  from  the  same  dynamical  cause. 

The  force  between  two  poles  is  in  the  direction  of  mag-- 
iietization:  the  reason  why  it  is  expressed  in  terms  of  the 
energy  of  the  ^stem,  is,  that  it  is  a  mechanical  force  arising 
in  some  way  from  the  mutual  relation  of  matter  and  the  me- 
dium. The  quantities  m  and  H  in  terms  of  which  the  force 
between  the  two  poles  is  expressed,  refer  to  the  medium  alone, 
and  since  nothing  is  known  as  to  the  relation  between  matter 
and  the  medium,  the  relation  above  expresses  only  the  result- 
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ant  reaction  taking  place,  namely,  that  there  is  a  space-rate  of 
variation  of  the  energy  of  the  system  along  the  direction 
of  the  force.  The  same  remark  applies  to  the  electrical  con- 
stituent  along  X. 

It  is  possible  to  assign  to  /<  atid  K  dimensions  fulfilling 
certain  assumed  conditions:  the  dimensions  of  the  remaining 
quantities  then  become  unique,  and  we  may,  hy  deducing  the 
physical  interpretations  of  the  formula?,  pass  on  to  the  quan- 
tities they  then  represent.  In  this  way,  the  formulie  in  terms 
of  n  and  K  may  be  utilized  for  tracing^  tlic  analog^ies  between 
clectromagnetisni  and  dynamics;  lor  every  ^linlen^i(>ll.al  value 
of  and  K  we  thus  obtain  a  perfectly  connected  analogue  of 
electromai^iietism. 

first,  on  tlie  basis  that  magnetic  energy  is  kineiic  and  u 
the  density  of  the  medium,  the  values  of  the  various  magnetic 
quantities  are  deduced  in  L.M.T.  dimensions,  and  the  re- 
sulting formula  are  given  dynamical  interpretations  which 
they  bear;  second ,  with  K  the  density  of  the  medium,  all  the 
formulae  thence  deduced  are  the  imvrse  of  the  first  set:  in 
both  cases  the  dynamical  interpretations  are  intelligiblei  nat- 
ural, and  connected  as  a  whole;  and  accord  with  the  two  ro- 
tational  theories  of  electromagnetism  put  forward.  When  fi 
is  of  the  dimensions  of  density  and  magnetic  energy  kinetic, 
the  interpretations  of  the  dimensional  formuht*  of  electromag- 
netic (iuaniilies  are  identical  with  those  of  the  corresponding 
quantities  in  the  case  of  vortex  motion. 

The  dimensional  formula  thus  becomes  for  a  physical 
quantity  the  analogue  of  a  structural  formula  for  a  chetuical 
compound.  Applying  these  ideas  to  the  more  difficult  case 
of  electrical  and  magnetic  quantities,  with  the  actual  nature 
of  which  we  are  imperf«^ctly  acquainted,  the  method  is  used 
as  a  means  of  discriminating  between  probable  and  improb- 
able hypotheses.  It  is  interesting  to  note  that  we  are  thus 
led  to  tzi'o  possible  dimensional  systems  which  ag^ee  with  the 
two  principal  groups  of  analogies  by  which  electrical  and 
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magnetic  facts  have  been  ilhi>iratetl  by  those  who  have  most 
dcej)ly  stiKlicd  these  iroin  the  dynamical  piiiiit  of  view. 

214.  Light,  Electricity,  and  Magnetism  due  to  a  move- 
ment of  the  Ether. — In  the  early  inquiries  mto  the  nature 
of  Light,  it  was  considered  an  outcome  of  corpuscular  mat- 
ter shooting  tlirough  space;  Electricity,  too,  was  material — 
two  fluids;  and  XIagnetism  was  an  efHuvium— either  spirit  or 
substance  according  to  one's  fancy:  but  gradually  patient  re- 
search  forced  upon  the  mind  the  conviction  that  Light  was 
but  a  sensation  due  to  motion — ^an  undulation  of  an  ethereal 
medium;  further  facts  relating  to  Light  literally  cast  a  lumin- 
ous  beam  upon  Electricity  and  its  congener  Magnetism,  dis- 
covering both  to  be  due  to  a  movement  of  the  same  ether — 
in  fact,  all  three  linked  together  in  the  same  niovenient. 

To  these  mav  be  added  Thermal  and  Chemical  cllccts,  for 
they  produce  the  others,  and  ihu>e,  these;  that,  given  any 
one,  anotlier,  or  all  five  of  the  effects — thermal,  chemical,  lu- 
nnnous.  electrical,  and  magnetical — may  be  evoked  from  that 
one  as  an  origm,  and  all  as  varied  phases  of  tlie  energy  resi- 
dent in  ether-waves. 
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